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ABSTRACT

Author: Wang, Zhe. PhD
Institution: Purdue University
Degree Received: August 2018
Title: Functional Analysis Of ER-Localized UBAC2 And UBAC2-Interacting Proteins From
Arabidopsis
Committee Chair: ZhiXiang Chen

Selective autophagy targets specific cargo by autophagy receptors through interaction with ATG8
(autophagy-related protein 8)/MAP1LC3 (microtubule associated protein 1 light chain 3) for
degradation in the vacuole. Here, we report the identification and characterization of three related
ATG8-interacting proteins (AT1G17780/ATI3A, AT2G16575/ATI3B and AT1G73130/ATI3C)
from Arabidopsis. ATI3 proteins contain a WxxL LC3-interacting region (LIR) motif at the C
terminus required for interaction with ATG8. ATI3 homologs are found only in dicots but not in
other organisms including monocots. Disruption of ATI3A does not alter plant growth or
development but compromises both plant heat tolerance and resistance to the necrotrophic fungal
pathogen Botrytis cinerea. The critical role of ATI3A in plant stress tolerance and disease
resistance is dependent on its interaction with ATG8. Disruption of ATI3B and ATI3C also
significantly compromises plant heat tolerance. ATI3A interacts with AT3G56740/UBAC2A and
AT2G41160/UBAC2B (Ubiquitin-associated [UBA] protein 2a/b), two conserved proteins
implicated in endoplasmic reticulum (ER)-associated degradation. Disruption of UBAC2A and
UBAC2B also compromised heat tolerance and resistance to B. cinerea. Overexpression of
UBAC2 induces formation of ATG8- and ATI3-labeled punctate structures under normal
conditions, likely reflecting increased formation of phagophores or autophagosomes. The ati3 and
ubac2 mutants are significantly compromised in sensitivity to tunicamycin, an ER stress-inducing
agent, but are fully competent in autophagy-dependent ER degradation under conditions of ER
stress when using an ER luminal marker for detection. We propose that ATI3 and UBAC2 play an
important role in plant stress responses by mediating selective autophagy of specific unknown ER
components.
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Further analysis shows that UBAC2 also plays a role in Pathogen-associated molecular pattern
(PAMP)-triggered immunity (PTI). PTI is initiated upon recognition of PAMPs by pattern
recognition receptors (PRRs), which is then transmitted through a complex signaling cascade
including changes of the phosphorylation status of regulators and enzymes, ultimately leading to
the production of a variety of signaling and antimicrobial molecules such as reactive oxygen
species (ROS) and callose deposition. Here, we report that mutants for two Arabidopsis genes
encoding close homologs of UBIQUITIN-ASSOCIATED DOMAIN-CONTAINING PROTEIN
2 (UBAC2), a conserved component of endoplasmic reticulum (ER) protein quality control
(ERQC), were compromised in PTI based on their hypersusceptibility to a type III secretion
system-deficient strain of the bacterial pathogen Pseudomonas syringae. The ubac2 mutants were
normal in the biogenesis of PRRs, activation of MAPKs, production of ROS and PTI-associated
gene expression. Pathogen- and PAMP-induced callose deposition, however, was compromised
in the ubac2 mutants. UBAC2 proteins interact with plant-specific long coiled-coil protein PAMPinduced Coiled Coil (PICC), whose mutants were also compromised in PTI and callose deposition.
Compromised callose deposition in both the ubac2 and picc mutants was associated with reduced
biogenesis of PMR4 calllose synthase responsible for pathogen-induced callose synthesis.
Constitutive overexpression of PMR4 restored callose synthesis and PTI in both the ubac2 and
picc mutants. These results indicate that UBAC2 and PICC are components of a specific ERQC
pathway with a critical role in PMR4 accumulation and callose deposition in plant innate immunity.

Using yeast two-hybrid screening, we found that UBAC2 interacts with three unknown proteins
weakly which were demonstrated to interact with ER body component NAI2 strongly later, thus
these three unknown proteins were named NAIP. ER body is one type of vesicles produced by ER
in plants. These vesicles accumulate and transport proteins, lipids and metabolites. In the
Brassicales including Arabidopsis, ER body is found throughout the epidermis of cotyledons,
hypocotyls and roots. NAI2 is a key factor for the ER body formation in Arabidopsis. Homologs
of NAI2 are found only in the Brassicales and, therefore, may have evolved specifically to enable
the ER body formation. Here, we report that three related NAI2-interacting proteins (NAIP1, 2
and 3) from Arabidopsis play a critical role in the biogenesis of the ER bodies and related structures.
Confocal microscopy using GFP fusions revealed that all three NAIPs are components of the ER
bodies found in the cotyledons, hypocotyls and roots. Genetic analysis with the mutants for the
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NAIPs supports that they have a critical and redundant role in the ER body formation. NAIP2 and
NAIP3 are also components of other vesicular structures likely derived from the ER that are
formed independent of NAI2 and are present not only in the cotyledons, hypocotyls and roots but
also in the rosette leaves. These results indicate that while NAIP1 is a specialized ER body
component, NAIP2 and NAIP3 are less specialized and can be components of different types of
ER-derived structures. Analysis with chimeric NAIP proteins revealed that their N-terminal
domains play a major role in the functional specialization in the biogenesis of distinct types of ERderived compartments. Unlike NAI2, NAIPs have homologs in all plants and, therefore, NAIPcontaining ER structures are likely to be present widely in plants. The ER bodies in the Brassicales
with a specialized function may have evolved from some of these NAIP-containing ER structures
likely present widely in plants.

1

INTRODUCTION

1.1

Autophagy

Autophagy (meaning “self-eating”) is a common macromolecule degradation process in
eukaryotes, the cytoplasmic contents will be degraded and recycled in it (Mizushima, 2010). First
discovered in the budding yeast Saccharomyces cerevisiae, more than 40 autophagy-related (ATG)
proteins have been identified till now. These proteins can have five multifunctional groups: Atg3,
Atg4, Atg5, Atg7, Atg8, Atg10, Atg12 and Atg16 form the Atg8–phosphatidylethanolamine (PE)
and the Atg5–Atg12 conjugation systems; Atg6, Atg14, Atg38, vacuolar protein sorting 15 (Vps15)
and Vps34 form the class III phosphoinositide 3-kinase (PI3K) complex I; the Atg2–Atg18
complex; and vesicles containing the integral membrane protein Atg9 (Ohsumi, 2014). Most of
the autophagy genes found in yeast have also been identified in plants and animals which indicates
the conserved nature of the autophagy process.

The formation of double-membrane structures called autophagosomes is the main characteristic of
autophagy. In response to starvation or infection, the autophagy will start, ATG1 and ATG13 will
initiate the formation of a membranous structure called the phagophore (Suzuki et al., 2015;
Yamamoto et al., 2016), the source of which is still a question, it may include the endoplasmic
reticulum (ER), ER-Golgi intermediate and ER-mitochondria contact sites (Ge et al., 2013; Stanley
et al., 2014; Ge et al., 2015; Sanchez-Wandelmer et al., 2015; Vicinanza et al., 2015). ATG1
complex activates the phosphatidylinositol-3-kinase (PI3K) localized at the phagophore assembly
site (PAS) which is required for the expansion of the phagophore (Sun et al., 2009; Ge et al., 2014;
Vicinanza et al., 2015). After that, ubiquitin-like protein ATG8 will be inserted into the growing
phagophore membrane which is mediated by the E1 ligase-like ATG7, E2 ligase-like ATG3 and
E3 ligase-like ATG12-ATG5-ATG16 complex(Fujioka et al., 2008; Klionsky and Schulman,
2014). The C-terminal part of ATG8 will be cleaved by a cysteine protease ATG4, so a terminal
glycine residue will be exposed. The phosphatidylethanolamine (PE) will modify the glycine for
membrane insertion (Kaufmann et al., 2014). Finally, a mature autophagosome decorated with
ATG8 on both surfaces will be formed. The cargo contained in the autophagosome will be
delivered to the vacuole for degradation. The hydrolases contained in the vacuole will degrade the
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cargo and the inner membrane once the outer membrane of the autophagosome fuses with the
vacuole membrane (Liu and Bassham, 2012).

1.2

Selective autophagy

Autophagy was considered to be a nonselective process previously, which probably results from
the fact that the early genetic studies was conducted under nutrient-limiting conditions (Anding
and Baehrecke, 2017). However, increasing evidence shows that autophagy is not a nonselective
pathway of degrading bulk cytoplasmic contents but rather is a selective process of degrading
specific cargos and organelles which are mediated by specific autophagy receptors (Anding and
Baehrecke, 2017). Growing evidence shows that ATG8 plays an important role in the selective
autophagy of eukaryotes (Noda et al., 2010; Reggiori et al., 2012). ATG8 interacts with specific
autophagy receptors, thereby facilitating the cargoes recognized by the receptors into the
autophagosome for degradation.

Under varying environments and stresses, selective autophagy of organelles is necessary for the
maintenance of cellular homeostasis. Different from starvation-induced autophagy which is a bulk
degradation process, the clearance of organelles (organellophagy) is a selective process which
targets specific sequestration of cellular components (Anding and Baehrecke, 2017).

1.2.1 ER-phagy or Reticulophagy
In the cytoplasm of the cell, the ER is a network of membranous tubules which is important for
protein and lipid synthesis as well as calcium storage. In the ER, both secretary and integral
membrane proteins are folded and modified, the process of which is important for the general
health of the cell. Unfolded protein response (UPR) and ER-associated degradation (ERAD)
pathways, which can be activated upon the accumulation of unfolded proteins in the ER, are critical
to the control (Wang and Kaufman, 2016). Autophagy can be activated in response to ER stress
and autophagosomes which contain portions of the ER can be formed (Schuck et al., 2014). This
process is called ER-phagy or reticulophagy which can contribute to cell homeostasis. In addition
to ER stress, which is a clear inducer of ER-phagy (Schuck et al., 2014), other stimuli can also
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induce this process, for example, nutrient-limiting conditions and rapamycin treatment can induce
selective autophagy of the ER (Mochida et al., 2015). ER-phagy is mediated by receptors which
play essential roles in target selection. In the yeast S. cerevisiae, ER-phagy is mediated by Atg39
and Atg40, which can be localized to specific subdomains of ER and interact with Atg8, thus
facilitating the formation of autophagosomes (Mochida et al., 2015). FAM134B is the functional
counterpart to Atg40 in mammals. In mice, the ER can be swelled and ER-phagy will be inhibited
if FAM134B is disrupted, indicating that it is the ER-phagy receptor in mammals (Khaminets et
al., 2015). In Arabidopsis, people have demonstrated that under ER stress, portions of ER can be
delivered to the vacuole for degradation and this process depends on the ER stress sensor
INOSITOL-REQUIRING ENZYME-1b (IRE1b) (Liu et al., 2012b).

1.2.2 Mitophagy
Mitophagy is the process of the autophagic degradation of the mitochondria which are the
powerhouses of the cell. Mitochondrial damage caused by stresses such as hypoxia, chemical
uncouplers and ROS can trigger mitophagy (Zhang and Ney, 2008; Frank et al., 2012). Atg32 is
the mitophagy receptor in the yeast Saccharomyces cerevisiae (Otsu et al., 2015). It binds to the
adaptor protein Atg11 and then targets the mitochondria to the vacuole. In addition to Atg11,
Atg32 can also interact with Atg8 through its N-terminus Atg8-interating motif. In mammals,
however, there are many receptors identified that participate in mitophagy such as p62/SQSTM1
(Geisler et al., 2010), NIX/BNIP3L (Novak et al., 2010), BNIP3 (Zhang and Ney, 2009), FUNDC1
(Liu et al., 2012), NDP52 (CALCOCO2), TAX1BP1, and optineurin (Lazarou et al., 2015). In
Arabidopsis, it is demonstrated that ATG11 participates in the degradation of mitochondria during
senescence but its exact role still needs to be investigated (Li and Vierstra, 2014).

1.2.3 Nucleophagy
Nucleophagy is the process of the autophagic degradation of the nucleus which contains the cell’s
genetic materials (Mochida et al., 2015). Only a part of the nucleus can be degraded by autophagy
since degradation of the whole will be detrimental to the cell. In S.cerevisiae, non-essential nuclear
components will be degraded which include the nuclear envelope and the granular nucleolus
enriched in pre-ribosomes, whereas the essential parts which contain chromosomal DNA, nuclear
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pore complexes and spindle pole bodies will be excluded (Kvam and Goldfarb, 2007; Kraft et al.,
2009; Millen et al., 2009). The core autophagy machinery will participate in this process. The
nucleus of Magnaporthe oryzae, which is the rice blast fungus, has also been reported to be
degraded by autophagy (Liu et al., 2012a).

1.2.4 Chlorophagy
Chlorophagy is the process of the autophagic degradation of chloroplasts which are the organelles
of plants and photoautotrophs. Chloroplasts are essential for plants because it is the place where
plants undergo photosynthesis. The degradation of chloroplast proteins such as rubisco can provide
nitrogen to the plant. Similar to the nucleus, the chloroplast can be degraded either by a piecemeal
pathway or through a whole-organelle autophagy pathway. Rubisco-containing bodies (RCBs) and
senescence-associated vacuoles (SAVs) are reported to be involved in the piecemeal degradation.
The whole chloroplast can be degraded by autophagy which can explain the decreased number of
chloroplasts occurring in the late stages of senescence (Minamikawa et al., 2001).

1.2.5 Pexophagy
Pexophagy is the process of the autophagic degradation of peroxisomes which participate in the
catabolism of branched and long-chain fatty acids and also in the reduction of ROS. Peroxisome
homeostasis is very important because it is responsible for clearing toxic ROS. In the yeast Pichia
pastoris, a shift in nutrient conditions such as from methanol to glucose or ethanol media can cause
pexophagy. The reported adaptors or receptors for pexophagy in yeast are Atg30 or Atg36 which
share both a conserved AIM and Atg11 binding site. However, in mammals, NBR1 and p62 are
used as pexophagy adaptors. In HeLa cells, ubiquitinated peroxisomes will be targeted by NBR1
through its UBA domain for degradation; p62 supports and cooperates with NBR1 in this process.
Dr. Bonnie Bartel’s group at Rice University recently demonstrated the existence of pexophagy in
plants using the lon2 mutant (Farmer et al., 2013).
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1.2.6 Xenophagy
Xenophagy is the process of the autophagic degradation of intracellular bacterial and viral
pathogens. In past years, more and more bacteria and viruses have been found to participate in the
xenophagy battlefield (Mao and Klionsky, 2017). The cargo receptor p62 has been shown to target
different viral capsid proteins for degradation (Shelly et al., 2009; Judith et al., 2013). For example,
the re-emerged arbovirus Chikungunya virus (CHIKV) interacts with components of the
autophagy machinery; its ubiquitinated capsid of it can be targeted by the receptor p62 for
degradation. In plants, it was demonstrated that the selective autophagy receptor neighbor of
BRCA1 (NBR1) targets the viral capsid protein and particles of cauliflower mosaic virus thereby
mediating their autophagic degradation.

1.3

Function of autophagy during abiotic stress

Nutrient deprivation was the first and most common abiotic stress to induce autophagy (Hanaoka
et al., 2002; Thompson et al., 2005; Xiong et al., 2005; Phillips et al., 2008). A lot of autophagy
genes are reported to be involved in this process. For example, atg5 and atg7, two classical
autophagy-related mutants, are hypersensitive to carbon and nitrogen starvation (Phillips et al.,
2008; Yoshimoto et al., 2009). In addition, ATG11 and ATG13 also play a role in carbon and
nitrogen starvation based on the hypersensitivity of their mutants (Suttangkakul et al., 2011).
Recently, autophagy has been shown to play roles in abiotic stresses beyond nutrient deprivation
(Bassham, 2007). Autophagy can be induced by oxidative stresses such as H2O2 or methyl
viologen, and disruption of ATG18a can make the plant more sensitive to methyl viologen and
also accumulates higher levels of oxidized proteins (Xiong et al., 2007a; Xiong et al., 2007b).
Autophagy can also function in plant tolerance to drought and salt stresses, which indicates that
autophagy can remove the damaged proteins or organelles under these stresses (Liu et al., 2009b).
It was reported that Arabidopsis NBR1 contributes to plant tolerance to heat, oxidative, salt and
drought stresses (Zhou et al., 2013). In addition, several autophagy-deficient mutants such as atg21, atg5-1, atg7-3, atg10-1 were sensitive to submergence stress (Chen et al., 2015). As a central
protein in autophagy, ATG8 also plays an essential role in abiotic stresses. Over-expression of
AtATG8f, one of the nine isoforms (ATG8a to ATG8i) in Arabidopsis made the transgenic

6
Arabidopsis more sensitive to mild salt or osmotic stress accompanied by the modification of root
architecture (Slavikova et al., 2005).
1.4

Function of autophagy during biotic stress

Depending on the different pathosystems and pathogenic lifecycles, autophagy can contribute to
both pro-death and pro-survival functions (Hofius et al., 2017). Autophagy can play a positive role
in the hypersensitive response (HR); once infected with the avirulent strains of the bacterium
Pseudomonas syringae pathovar (pv) tomato (Pst DC3000) containing the effector proteins
AvrRps4 or AvrRpm1, the related autophagy mutants can display significantly reduced HR
(Hackenberg et al., 2013; Coll et al., 2014; Munch et al., 2015). Surprisingly, however, only in
the case of Pst DC3000 AvrRps4, R-gene-mediated disease resistance can be reduced by
autophagy defects (Fu and Dong, 2013; Munch et al., 2015), which is consistent with the previous
observation that restriction of pathogen growth and HR decoupled (Coll et al., 2014). In wheat,
disruption of ATG6 shows that autophagy plays a role in broad-spectrum immunity conditioned
by the Pm21 R gene towards the powdery mildew fungus Blumeria graminis f. sp. tritici (Bgt)
(Yue et al., 2015). It was reported that silencing of GAPCs (cytosolic glyceraldehyde-3-phosphate
dehydrogenases), which are ATG3-interacting proteins, can activate autophagy constitutively in
Nicotiana benthamiana, thereby enhancing N gene-mediated HR and plant resistance against both
incompatible and compatible pathogens (Han et al., 2015). The pro-death mechanism of autophagy
is likely due to homeostatic functions needed to counterbalance the infection-induced systemic
responses such as ROS production, salicylic acid (SA) signaling, accumulation of
misfolded/aggregated proteins or endoplasmic reticulum stress (Yoshimoto et al., 2009; Coll et al.,
2014; Munch et al., 2015). The influence of autophagy on cellular death is probably involved in
the SA homeostasis and the level of NPR1 (NON-EXPRESSOR OF PATHOGENESIS
RELATED GENES 1), thus mediating HR negatively (Fu and Dong, 2013; Coll et al., 2014;
Munch et al., 2015).

Different from the biotrophic or hemi-biotrophic pathogens, there is strong evidence showing that
autophagy plays a positive role in controlling plant resistance to necrotrophic pathogens. Once
infected with B. cinerea, Alternaria brassicicola or Plectosphaerella cucumerina, Arabidopsis
mutants will display spreading necrotic lesions and enhanced fungal growth (Lai et al., 2011a;
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Lenz et al., 2011; Katsiarimpa et al., 2013); in addition, the mutants will become susceptible to the
non-pathogenic mutant strain of Sclerotinia sclerotiorum (Kabbage et al., 2013). The BAG6
(BCL2-ASSOCIATED ATHANOGENE FAMILY PROTEIN 6) protein is engaged in autophagymediated disease resistance based on the fact that Arabidopsis bag6 mutants were defective in
autophagy induction and were hypersusceptible to B. cinereal, whereas ectopic expression of
BAG6 in N. benthamiana leaves could activate autophagy and cell death, leading to reduced fungal
infection (Li et al., 2016). It was also reported that disruption of the cargo receptor NBR1 (NEXT
TO BRCA1 GENE 1) can make the plants susceptible to the necrotrophic fungal pathogen B.
cinerea (Zhou et al., 2013). Modulation of hormone homeostasis may be mediated by autophagy
in the resistance to necrotrophs, such as activating jasmonic acid (JA) defense signaling or
clearance of plant and pathogen-derived toxic cellular constituents (Lai et al., 2011a).

1.5

Pathogenesis Mechanisms of Pathogens

There are three groups of plant pathogens based on their life strategies: biotrophs, hemibiotrophs
and necrotrophs. Biotrophic pathogens can only colonize and obtain nutrients from living plant
cells such as the powdery mildew pathogen Erysiphe cichoracearum. Necrotrophic pathogens
usually kill plant tissues at the very early infection stage, then they can get nutrients from the dying
or dead plant tissues, such as Botrytis cinerea and Alternaria brassisicola. Based on the stages of
interaction with the plant, some pathogens can be both biotrophic and necrotrophic, which is
named hemibiotrophic such as Pseudomonas syringae; in the early stage of infection, it cannot
cause visible symptoms, however, it will lead to extensive chlorosis and necrosis of the tissues at
the later stages of infection (Glazebrook, 2005).

Botrytis cinerea, a grey mold necrotrophic fungal pathogen, can cause severe rotten tissues on
more than 200 plant species, thus it is a major threat to crop security worldwide. Multinucleate
conidia from sclerotia is the primary source of inoculum in the field, in addition, mycelia from
crop debris can also serve as primary inoculum. Mycelia from the primary inoculum can produce
conidiophores, the conidia from them can inoculate fresh tissues. In the inoculation process, the
short germ tubes germinated from the conidia will penetrate into plant tissues and cause the
collapse of plant cells. There are several strategies of B. cinerea to cause disease. First, to subdue
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plant defense mechanisms, various cell wall-degrading enzymes and phytotoxic small molecules
play a role (van Kan, 2006; Choquer et al., 2007). In the genome of B. cinerea, many cutinase and
lipase genes have been found. It has been assumed that the cutinases and lipases can break the
cuticle layer of the plant cell, however, mutation of any one of which does not lead to strong
reduced virulence (Reis et al., 2005). Similarly, among the many endopolygalacturonase genes,
only Bcpg2 has been shown to be required for symptom development in bean and tomato, likely
due to functional redundancy. It was indicated that the plant cell wall-degrading ability of Botrytis
is critical for its pathogenicity based on the less virulent Botrytis mutant deficient in an endo-β1,4-xylanase (Brito et al., 2006; Chassot et al., 2007). Botrytis can produce oxalic acid, which is a
small low-molecular-weight molecule, the role of which is to provide an acid environment for
enzymes such as pectinase; it can remove the calcium ion from pectin and trigger programmed cell
death, thus promoting the infectious process of Botrytis. Second, during Botrytis infection, plants
will produce an oxidative burst which may facilitate the dead tissue-loving Botrytis infection.
BcSOD1 is a Botrytis-secreted superoxide dismutase and it was shown to be necessary for causing
such an oxidative burst. Reactive oxygen intermediates (ROIs) can be produced by Botrytis, which
further cause the plant cells to produce ROIs during infection (Govrin and Levine, 2000).
Furthermore, it was reported that the intensity of ROI can positively determine whether Botrytis is
pathogenic (Edlich et al., 1989). Treating the plant with an inhibitor of NADPH oxidase can stop
the ROI accumulation in plants, thus leading to the restriction of the lesion size and promoting
resistance to B. cinerea (Govrin and Levine, 2000). Third, pads, which is a camalexin-deficient
mutant, shows a susceptible response to B. cinerea (Ferrari et al., 2003; Chassot et al., 2008). In
addition, B. cinerea ABC transporter BcatrB was demonstrated to play a role in exporting
camalexin during infection and was necessary for full virulence on the wild type Arabidopsis
(Stefanato et al., 2009). Fourth, during Botrytis infection, several kinds of phytotoxic metabolites
will be produced. For example, the non-host specific toxin botrydial can contribute to the broad
host range (Colmenares et al., 2002). Botcinolides is another toxin produced by B. cinerea (Tani
et al., 2006; Choquer et al., 2007). Therefore, to kill plant tissues, different strains may employ
different toxins (Williamson et al., 2007).

Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) is a hemibiotrophic bacterial pathogen
which is extensively studied. The Pseudomonas-Arabidopsis interaction model has been a classic
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one in studying bacteria-host interactions. To cause disease on plants, Pseudomonas usually
utilizes two crucial kinds of virulence factors which are coronatine (COR) and type III effectors.
Pathogenic P. syringae has to penetrate the barrier of the plant cell wall to obtain water and
nutrients from host plants via the natural openings on the plant tissues such as stomata or wounds.
The appearance of bacteria can be sensed by the stomata in the Arabidopsis leaf epidermis and
then close to stop them from entering the plant leaves (Melotto et al., 2006). To close the stomata,
the FLS2 receptor, the ABA signaling pathway, the production of nitric oxide and OST1 kinase
all play a role. However, coronatine produced by the Pseudomonas can reopen the stomata. To
demonstrate this, people showed that the Pseudomonas cor- mutant showed decreased virulence
on Arabidopsis by spray inoculation; however, the virulence showed no difference if using
infiltration inoculation. COR can also activate systemic induced susceptibility by acting as a JA
mimic (Cui et al., 2005). In addition to COR, a lot of type III effectors can also be injected into
plant cells via the type III secretion system (TTSS) to promote bacteria virulence. TTSS effectors
play redundant roles in virulence based on the fact that mutation of a single effector gene cannot
change the virulence to plants much (Cunnac et al., 2009). It seems that AvrE (AVIRULENCE E)
is one exception since its disruption can reduce virulence in tomato strongly, which means that it
plays a major role in virulence (Badel et al., 2006). The virulence of P. syringae is also subjected
to environmental conditions. Humidity is a very important factor. High humidity can facilitate
bacterial entry and the P. syringae surfactant syringafactin can help the bacteria absorb water from
humid air, which promotes bacterial mobility. In addition, high humidity can also help P. syringe
multiply inside the apoplast aggressively. For example, the two conserved T3Es AvrE and HopM1
can be utilized to drive the formation of an aqueous apoplast (Xin et al., 2016).

1.6

Plant disease resistance mechanism

Unlike animals, plants do not have mobile defender cells and an adaptive immune system, so they
have developed many multilayered and cooperative defense mechanisms to protect themselves.
There are many different kinds of combinations of plants and microbes, in fact, the disease
development is a rare case when the microbes can colonize the plants. Although people have tried
to generalize the mechanisms of plant disease defense, different cultivars of plants have different
responses to the varied strains of pathogens. Among the different disease mechanisms, maybe the
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most important one people should investigate is non-host resistance. Non-host resistance is the
most common disease resistance in which the plants are totally resistant to the pathogens, thus it
is also considered to be the strongest and longest-lasting form of resistance during evolution. It is
very likely that during evolution, non-host resistance can be established. However, to establish
non-host resistance to all pathogens is highly unlikely since pathogens can always find a way to
breach the resistance from a new way. From the view of agricultural point, people should not
devote most efforts into dissecting the plant defense mechanisms and developing resistant cultivars,
there are many other aspects people should pay attention to such as controlling the access of the
pathogens to the plant and preventing the pathogen infection from the early stage are equally
important.

In general, there are two kinds of plant disease defense mechanisms: one is preformed defense or
passive defense; another is induced defense or active defense, which is also named innate immune
response.

1.6.1 Preformed defense
Preformed defense is the defense system which includes a lot of preformed barriers such as the
cell wall, waxy epidermal cuticles and bark which can provide protection against many pathogens
and pests. Fruit rot disease of papaya caused by Mycosphaerella sp., is an example of cuticledependent resistance. The disease happens only when the cuticle layer is broken, which can be
supported by the fact that the pathogen with cutinase can infect intact fruit (Dickman et al., 1989).
Celluose, hemicellulose and other components such as pectin and lignin constitute the plant cell
wall (Vogel, 2008). Most plant pathogens are fungi or oomycetes with the structure to breach the
cell wall whereas most animal pathogens are bacteria, this fact can explain the importance of the
plant cell wall in defense. It can also explain that the monocot and dicot cannot be infected by the
same pathogen because the two groups of angiosperms have distinct cell wall structures (Vogel,
2008). Papillae, which are cell wall appositions, have received got more and more attention
recently by ultrastructural observations, histochemical and immunohistochemical studies. It seems
that different plant species have different papillae constituents, however, there are also some
common structures: callose; phenolics including lignin and phenolic conjugaes such as phenolic
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polyamines; reactive oxygen species; peroxidases; cell wall structural proteins and cell wall
polymers (Aist, 1976).

Phytoanticipins, which are preformed chemical defenses can also be well studied. Different from
phytoalexins, which are induced chemicals from remote substrates after pathogen invasion,
phytoanticipins are already present in the plant before pathogen attack and are just one step away
from activation. Glucosinolates which contain sulfur and nitrogen are a class of secondary
metabolites that can defend pathogens from tissue damage (Vig et al., 2009). When the
glucosinolates stored in the vacuole meet myrosinase, an anti-microbial compound will be formed
which can stop pathogen intrusion. The glycosylated anti-microbial compound saponin, which
includes oat Avenacin A-1 (triterpene glycoside) and tomato α-tomatine (steroidal glycoalkaloid),
is also a good example of a phytoanticipin (Osbourn, 1996). Gaeumannomyces graminis var. tritici
(Ggt) can cause disease on wheat and barley but cannot cause disease on oat whereas
Gaeumannomyces graminis var. avenae (Ggv) can cause disease on all the three hosts. The key is
the ability of the pathogen to degrade avenacin A-1 in oats (Bowyer et al., 1995).

1.6.2 PAMP-triggered immunity
A very active topic people examine in the plant disease field is innate immunity. In essence, there
are two branches of plant immune systems known: PTI [PAMP (Pathogen associated molecular
pattern) Triggered Immunity)] and ETI (Effector Triggered Immunity) (Jones and Dangl, 2006).
PAMPs are a small group of molecular fragments derived from specific pathogens or microbes
(Newman et al., 2013). For example, flagella and lipopolysaccharide (LPS) of bacteria and fungal
chitin are both PAMPs. These PAMPs are recognized by the pattern recognition receptors (PRRs)
located on the plant plasma membrane (Nicaise et al., 2009). The classic PRR-PAMP pairs are:
FLS2 and flagellin, EFR and EF-Tu, CERK1 and chitin, Lym1/Lym3 and Peptidoglycan (PGN).
An increasing number of PAMPs have been found recently: lipopolisaccharides (LPS), bacteria
cold shock proteins, bacteria super dismutase and β-glucans (Newman et al., 2013), but not all
PRRs have been found for the PAMPs.
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1.6.2.1 Bacterial flagellin and FLS2
Originally, P. syringae pv. tabaci flagellin was shown to induce medium alkalinization in tomato
cells (Felix et al., 1999). The bacterial flagellin or its derivatives can be sensed by the leucin-rich
repeat receptor kinase (LRR-RK) FLS2 which is present in Arabidopsis thaliana, tomato,
Nicotiana benthamiana and rice (Takai et al., 2008; Zipfel, 2008). Virulent, weakly virulent and
non-adapted bacteria can cause disease in Arabidopsis and N. benthamiana in which FLS2 is
disrupted (Zipfel et al., 2004; Hann and Rathjen, 2007). Previously, people believed that cell death
cannot be induced by PTI, which is a big difference with ETI. However, people recently
demonstrated that cell death could be induced by the full length flagellin from non-adapted bacteria
in tomato, tobacco and rice, treatment with diverse flg22 peptides can lead to FLS2-dependent cell
death (Naito et al., 2008).

1.6.2.2 Bacterial EF-Tu and EFR
People identified Elongation factor Tu (EF-Tu) as a PAMP when crude fliC- E. coli GI826 extracts
lacking flagellin was put into the cell culture and induced extracellular alkalinization (Kunze et al.,
2004). Later, it was purified using biochemical methods. The minimum epitope to induce strong
responses in Arabidopsis cell culture is an N-terminal 18 amino acid peptide (elf18) from a
predicted exposed surface of the purified protein (Kunze et al., 2004). The bacterial elongation
factor Tu (EF-Tu) or derivatives of the conserved elf18 can be recognized by the Arabidopsis
LRR-RK EFR (Zipfel et al., 2006). The same as FLS2, EFR also belongs to the subfamily LRRXII
of LRR-RKs. However, different from flagellin, which most plants respond to, only Brassicaceae
plants respond to EF-Tu (Kunze et al., 2004). EFR also plays important roles in bacterial resistance
because Arabidopsis efr mutants are susceptible to both Agrobacterium tumefaciens and
Pseudomonas syringae pv. tomato (Pto) DC3000 (Zipfel et al., 2006).

1.6.2.3 Xa21: from R to PRR
Initially identified as a resistance gene in the wild rice cultivar Oryza longistaminata, Xa21 confers
resistance to Xanthomonas oryzae pv. oryzae (Xoo) (Song et al., 1995). Sharing similar receptor
architecture to EFR, Xa21 is an LRR-RLK with 23 extracellular LRRs. Lee (Lee et al., 2009)
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demonstrated that Xa21 can recognize and bind the small sulfated type-I secreted peptide ax21, so
people believe that Xa21 is a PRR in fact.

1.6.2.4 PEPR1: a DAMP receptor
Molecules from damaged host cells can be recognized by plant cells in addition to PAMPs. Upon
pathogen attack, these molecules will be released and recognized, for example: polysaccharides
from the plant cell wall and some endogenous peptides (Huckelhoven, 2007). Similar sets of
responses to PAMP perception can be induced afterwards. The 23-aa peptide AtPep1 comes from
the Arabidopsis 92-aa precursor protein AtproPep1. There will be induction of defence genes once
treatment with AtPep peptides. Furthermore, there will be enhanced resistance to the fungal root
pathogen Pythium irregulare after overexpression of ProPep1.

1.6.2.5 Signaling downstream in PTI
Ion fluxes: Ion fluxes across the plasma membrane is one of the earliest measurable responses to
PAMP perception, which can result in extracellular alkalinization (Jeworutzki et al., 2010). The
same transient ion fluxes and membrane depolarization can be induced by flg22 and elf18 in
Arabidopsis mesophyll cells and root hairs (Jeworutzki et al., 2010). The response is associated
with the increase of cytosolic calcium and also overlaps with the production of reactive oxygen
species, with the transcriptional activation of PR genes a later event (Jeworutzki et al., 2010). As
a second messenger in plant signaling, calcium has many functions in growth, development and
responses to stresses. The opposing actions of calcium influx and efflux systems contribute to the
calcium homeostasis (Sanders et al., 2002).

ROS burst: Production of reactive oxygen species (ROS) is another early PAMP-trigged response.
ROS are extremely toxic intermediates of reduced oxygen such as superoxide and hydrogen
peroxide. The membrane-localized NADPH oxidases (respiratory burst oxidase homologs, Rboh)
are responsible for the ROS production upon pathogen attack (Torres et al., 2002). AtRbohD is the
most important one for the PAMP-induced oxidative burst (Zhang et al., 2007), in addition, cell
wall type III peroxidases (Prx) can also produce ROS (Almagro et al., 2009).
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In the sequences of signaling events during PTI and ETI, the position of the oxidative burst still
needs to be investigated. Previously, people believed that RbohD-dependent ROS production is
downstream or at least independent of MAP kinase activation (Zhang et al., 2007). However,
recently, people demonstrated that in plant immunity, rapid ROS burst and MPK3/MPK6 are two
independent early events using a chemical genetic approach (Xu et al., 2014). Calcium-dependent
protein kinases StCDPK4 and StCDPK5 were shown to mediate the oxidative burst in potato
(Solanum tuberosum) by phosphorylating RbohB (Kobayashi et al., 2007), however, AtRbohD can
be phosphorylated in response to flg22 in Arabidopsis (Benschop et al., 2007).

ROS together with SA have been reported to be involved in the establishment of SAR (Durrant
and Dong, 2004). In response to different stimuli such as pathogens and wounding, a rapid,
systemic cell-to-cell signal can be mediated by AtRbohD-produced ROS, implying a role of ROS
in general long-distance communications (Miller et al., 2009).

MAPK signaling: Within 5-10 minutes of PAMP application, changes in phosphorylation will
occur such as activation of MAP kinases and AtRbohD (Boller and Felix, 2009). There are three
sequential phosphorylation events involved in MAPK signaling: MAPKK-kinases (MEKK),
MAPK kinases (MKK) and MAPKs (MPK). In Arabidopsis downstream of FLS2, a complete
MAP kinase cascade has been investigated: MEKK1-MKK4/5-MPK3/6, which was proposed to
be involved in PTI (Asai et al., 2002). However, recently, people showed that MEKK1 does not
mediate flg22-activated MPK3/6 instead of MPK4, which is a negative regulator of defense (Gao
et al., 2008). In addition, it seems that MKK1 and MKK2 control MPK4 redundantly (Qiu et al.,
2008). Therefore, there are two MAPK cascades activated simultaneously in response to flg22:
one is an unknown MEKK-MKK4/5-MPK3/6, which plays a positive role in PTI, another is
MEKK1-MKK1/2-MPK4, which plays a negative role in PTI. P. syringae infection can also
induce MPK3 and MPK6, which is much more sustained than PTI-induced MAPK activation
(Underwood et al., 2007). The simultaneous activation of positive and negative regulators seems
counterintuitive; however, it can also provide a sensitive mechanism to maintain the careful
balance of positive and negative regulators in signaling.
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Changes in gene expression: Flg22 and elf18 can induce similar major transcriptional changes
(Zipfel et al., 2004; Zipfel et al., 2006). In response to chitin and PGN, there is partial overlap of
differential gene expression (Gust et al., 2007). In response to PAMP treatment, many RLKs
including EFR, FLS2, BAK1 and BKK1 can be upregulated (Postel et al., 2010).

In response to flg22 and elf18 perception, downstream reactions overlap with high correlation in
transcriptome changes in about 30-60 minutes (Zipfel et al., 2006). Similarly, flg22, elf26 and
chitooctaose can upregulate a lot of genes (Wan et al., 2008). Flg22 and PGN can also induce
similar genes (Gust et al., 2007). All the evidence indicates that the same downstream machinery
is shared in response to different PAMPs in PTI. Interestingly, it appears that ETI also uses the
same machinery as PTI, because in response to flg22 and effector proteins, there is similar gene
expression changes (Navarro et al., 2006). Thus, it probably indicates that the later-evolving ETI
just modified their intensities compared to PTI.

WRKY-type transcription factors, which are key regulators of plant defenses, control important
gene expression changes downstream of MAP kinase activation (Pandey and Somssich, 2009). For
example, as positive regulators, WRKY22 and WRKY29 function downstream of the MPK3/6
cascade (Asai et al., 2002). MPK4 can interact with WRKY25, WRKY33 and the MPK4interacting protein MKS1, which then regulates gene expression (Qiu et al., 2008). WRKY11 and
WRKY17 as well as WRKY18/40/60 play negative roles in basal resistance in bacterial and fungal
interactions (Pandey and Somssich, 2009). Therefore, WRKY transcription factors play both
positive and negative roles in PAMP-triggered transcriptional changes.

In the regulation of PTI, the antagonistic functions of MAPKs and WRKYs implies the importance
of negative feedback in the defense response, which may prevent the accumulation of harmful
secondary metabolites or uncontrolled cell death.

Callose deposition: The accumulation of callose between the cell wall and the plasma membrane
is one of the later responses. It participates in several responses such as development and defense.
The synthesis of this β-1,3-glucan polymer in response to PAMPs and fungal pathogens is
determined by the Arabidopsis callose synthase glucan synthase-like 5 (GSL5) or powdery mildew
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resistant 4 (PMR4)(Jacobs et al., 2003). PMR4-dependent callose deposition plays a role in
bacterial immunity. For example, pmr4 mutant plants are susceptible to Pto DC3000 hrcC- which
is defective in the type-III secretion system (TTSS-) (Kim et al., 2005); the pmr4 pad4 double
mutant shows more growth of the non-adapted bacterium Pseudomonas syringae pv. phaseolicola
compared to the single mutant (Ham et al., 2007). It was reported that callose deposition relied on
PAMP-induced glucosinolates (Clay et al., 2009). In terms of the vesicles involved in the
transportation of callose, people demonstrated that in barley, the ADP-ribosylation factor (ARF)
GTPase ARFA1b/1c is required for callose deposition in resistance to the powdery mildew B.
graminis and this GTPase is contained in MVBs for transportation (Bohlenius et al., 2010).

1.6.3 Effector triggered susceptibility
1.6.3.1 Virulence effectors
Since PTI has successfully stopped non-adapted pathogens from infecting the plant and plays an
important barrier against disease. In turn, pathogens need to adapt to particular host genotypes
again, therefore they have evolved barriers named effectors to interfere with PTI and dampen basal
defenses again. These effector proteins can prevent PAMP perception or inhibit PAMP-induced
signaling.

To secrete the effectors into plant cells, a type III secretion system (TTSS) can be utilized. Indeed,
TTSS has been shown to be essential for pathogen virulence since lacking a functional TTSS can
make a pathogenic bacterium non-pathogenic but still induces the primary defense response (Grant
et al., 2006). In fungi, the secretion of apoplastic effectors depends on the conventional fungal ERGolgi secretion pathway; cytoplasmic effectors rely on exocyst components Exo70 and Sec5 for
efficient secretion (Giraldo et al., 2013) whereas in oomycetes, the effectors can be secreted into
host cytoplasm with a conserved RxLR domain which can be recognized and enter host cells via
the plant endocytic pathway (Birch et al., 2009). The vast majority of plant effector targets come
from bacterial effectors. Pto DC3000 is a very useful model to study the bacterial effectors. The
P. syringae effector can be designated as Hop (Hrp outer protein) or Avr (avirulence) proteins.
One of the important effectors is AvrPto, which is a small triple helix protein acting as a kinase
inhibitor (Xing et al., 2007). In tomato, the cytoplasmic protein kinase Pto recognizes AvrPto and
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AvrPtoB, leading to ETI responses. In susceptible tomato and Arabidopsis, AvrPto acts as a
virulence factor and plays a role in inhibiting PTI upstream of MAPK activation (Hann and Rathjen,
2007). To find out the target of AvrPto, many efforts have been done. First, people found that there
is a high degree of homology among Pto, FLS2 and EFR kinase domains. In addition, AvrPto
interacts with FLS2 and EFR in vivo and inhibited FLS2, EFR and BIK1 autophosphorylation in
vitro (Zhang et al., 2010a; Xiang et al., 2011). It was thought that BAK1 was the target of AvrPto
at first, however, people found that FLS2 not BAK1 was the molecular target of AvrPto (Xiang et
al., 2011). Pto can inhibit the E3 kinase activity of AvrPtoB, leading to ETI in resistant tomato
plants. HopAO1 has tyrosine phosphatase activity which can interact directly with FLS2 and EFR;
recent study shows that it suppresses the plant defense by reducing the EFR phosphorylation and
prevents the subsequent immune responses (Macho et al., 2014). As a mono-ADPribosyltransferase, HopF2 targets BAK1, thus suppressing the early PTI outputs (Zhou et al.,
2014b). Xoo2875, which is a T3E from Xoo KACC10331, can interact with the rice ortholog of
BAK1, thereby increasing rice susceptibility (Yamaguchi et al., 2013a).

Instead of targeting PRRs and their co-receptors directly, a lot of P. syringae effectors have other
ways. They can target de novo PRR biogenesis. HopU1 is a mono-ADP-ribosyltransferase which
can target some plant RNA binding proteins such as GRP7, they suppress defense by halting RNAbinding function, further causing reduced PRR protein levels (Jeong et al., 2011). HopQ1 shows
similarities with nucleoside hydrolases, it can result in reduced FLS2 expression by inducing the
production of the plant hormone cytokinin (Hann et al., 2014). Some effectors can target PRRassociated cytoplasmic kinases. Yersinia YopT effector and P. syringae Avr PphB avirulence
protein share amino acid sequence identity. They can target several members of the BIK1 family
of receptor like cytoplasmic kinases (RLCKs) and cleave them (Zhang et al., 2010a). The
intracellular immune receptor RPS5 is able to detect AvrPphB-mediated cleavage of PBS, one of
the RLCKs, then initiate ETI (Shao et al., 2003). The effector AvrAC/XopAC from X. campestris
pv. campestris (Xcc) 8004 shows uridine 5’-monophosphate transferase enzymatic activity. It can
transfer its uridine 5’-monophosphate to the activation loop of several RLCKs, thus inhibiting its
kinase activity, further halting the activation of PTI response (Feng et al., 2012). Xoo1488, which
is an effector from Xo MAFF311018, can target several rice RLCKs such as OsRLCK185, thus
promoting virulence (Yamaguchi et al., 2013b). They can target MAP kinases. HopAI1 with a
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phosphothreonine lyase activity targets mitogen-activated protein (MAP) kinases. It promotes
disease by interacting with AtMPK3 and AtMPK6, thereby inactivating the MAP activity (Li et
al., 2007). HopF2 has ADP-ribosylation and can target MKK5 to block its phosphorylation in
addition to targeting BAK1 (Wang et al., 2010). They can target vesicle trafficking to inhibit PTI.
Vesicle trafficking plays important roles in plant immune function because it can transport immune
receptors, associated proteins and antimicrobial compounds upon pathogen attack (Inada and Ueda,
2014). As an ADP ribosylation factor (ARF), guanine nucleotide exchange factor (GEF), AtMIN7,
is localized to the trans-Golgi/early endosome network and is important for PTI. Pto DC3000
HopM1 can interact with AtMIN7 and induces its degradation in a proteasome-dependent manner
(Nomura et al., 2006). Effectors from X. campestris pv. vesicatoria (Xcv) can also target plant
protein secretion pathways to inhibit PTI. XopJ, which is a member of the YopJ family of SUMO
peptidases and acetyltransferases, can interfere with protein secretion to halt immune-associated
callose deposition at the cell wall (Ustun et al., 2013). Localized to the Golgi apparatus and
cytoplasm, XopB can interfere with eukaryotic vesicle trafficking, then suppressing PTI (Schulze
et al., 2012). They can target 14-3-3 proteins to inhibit PTI. 14-3-3 proteins play important roles
in plant immunity. They target specific motifs with phosphorylated serine or threonine residues
and regulate their function. It was reported that several T3Es can interact with 14-3-3 proteins,
thus disrupting their function (de Boer et al., 2013). Pto DC3000 HopM1 can target 14-3-3 proteins;
Xcv effector XopN interacts with 14-3-3 isoforms and XopQ1 from Xcv interacts with 14-3-3
proteins to mediate suppression of PTI (Macho and Zipfel, 2015).

1.6.3.2 RIN4
Initially identified as an AvrB-interacting protein in a Y2H screen, RIN4 was later found to interact
with RPM1, thus it was named RPM1-interacting 4 (RIN4) (Mackey et al., 2002). At the plasma
membrane, RPS2 interacts with RIN4. Cysteine protease effector AvrRpt2 can degrade RIN4,
thereby activating RPS2 and subsequent HR (Mackey et al., 2002). AvrRpm1 and AvrB can
phosphorylate RIN4 which can be detected by RPM1, then triggering defense responses (Mackey
et al., 2002). Interestingly, AvrRpt2, AvrRpm1 and AvrB maintain their virulence functions even
without the cognate resistance proteins and RIN4 (Belkhadir et al., 2004), thus it seems that other
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unknown proteins are targeted by the effectors or some unidentified manipulations of RIN4
promote the pathogen virulence.
H+- ATPases AHA1 and AHA2 are key regulators of stomatal opening; upon flg22 elicitation,
they are found to be enriched in detergent-resistant membranes (DRMs). FLS2 and other immunity
related proteins were also found in the DRMs (Keinath et al., 2010). RIN4 is known to interact
with AHA1/2 and plays a role in stomatal opening, but interestingly, RIN4 was not identified in
the DRM. The fact that in a rin4 mutant, Pto DC3000 cannot activate re-opening of stomata
supports this role (Liu et al., 2009b).

RIN4 is a mysterious protein with no known domain function, its mechanism seems elusive except
for its role in stomatal aperture control and negative role in PTI. In addition to AvrRpt2, AvrRpm1
and AvrB, RIN4 can also yield to HopF2, AvrPto, AvrPtoB, HopAM1 and HopPtoQ (Luo et al.,
2009; Wilton et al., 2010). It seems that the effectors have evolved to target this important protein.

It was shown that tomato RIN4 homologs can be degraded in a Prf- and Pto-dependent manner by
AvrPto (Luo et al., 2009). The degradation depends on the proteasome pathway and is not
necessary for the HR in N. benthamiana and tomato (Luo et al., 2009). As a Pto DC3000 effector,
HopF2 was demonstrated to suppress PTI responses (Li et al., 2005). However, HopF2 can also
interact with RIN4, which suppresses AvrRpt2-mediated HR specifically upon overexpression
(Wilton et al., 2010). Importantly, without RIN4, HopF2-suppressed PTI is still maintained, which
indicates the existence of other HopF2 targets (Wilton et al., 2010). Furthermore, RIN4 as well as
MKK4 and MKK5 can also be ADP-ribosylated by HopF2, therefore suppressing PAMP-induced
MAP kinase activation (Wang et al., 2010).

1.6.4 Effector triggered immunity
During the evolution of pathogens, to suppress PTI, they have acquired new virulence factors to
infect the plants. Consequently, certain cultivars of plants evolved specific resistance(R) genes to
recognize the virulence factors to induce resistance which is referred to as effector-triggered
immunity (ETI).
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1.6.4.1 Resistance genes
To perceive microbial virulence proteins, plants evolve a lot of R genes to recognize these effectors
(avirulence, Avr). Over the last years, more than 40 R genes have been cloned and most of them
even have the same structural organization: a nucleotide-binding site (NB) with a C-terminal LRR
domain. These domains are also shared in mammalian NOD-like receptors (NLRs) which are
PRRs (Ausubel, 2005). R genes can be divided into two groups: TIR-NB-LRR (Toll and
interleukin-1 receptor) and CC-NB-LRR (coiled coil) according to the structure of the N terminal
sequence. Both R genes exist in the dicot plants whereas only CC-type of R genes occur in the
monocots (Tarr and Alexander, 2009).

There is a similar pattern for the stress signaling pathway in plants and mammals. The stress is
sensed by the sensor proteins (NLR or R proteins) directly or indirectly; the sensor or receptor will
then oligomerize to facilitate participation of downstream signaling proteins. Mammalian TLRs
and NLRs are often transmembrane whereas plant NB-LRR receptors are often cytoplasmic. There
are some questions in studying the NB-LRR proteins: by which method do R proteins work?
Another is in which way do they evolve to recognize the Avr products?

1.6.4.2 Direct NLR-Effector Interactions
The gene-for-gene model which was proposed by H.H. Flor’s seminal studies on the genetics of
flax rust disease resistance indicates that the disease resistance specificity was determined by the
complementary pairs of genes in a plant host and pathogen (Flor, 1971). The genetic foundation
to explore patterns of receptor-effector recognition is also based on this (Dodds and Rathjen, 2010).
Based on the NLR-effector recognition, one simple molecular interpretation for the gene-for-gene
model is that the specific interaction between the effector and the receptor triggers resistance. The
direct NLR-effector interaction underlying resistance specificity was supported by yeast two
hybrid and in vitro interaction assays (Jia et al., 2000; Deslandes et al., 2003; Dodds et al., 2006;
Catanzariti et al., 2010; Kanzaki et al., 2012). The variable LRR domain as a key determinant of
specific effector recognition was also demonstrated by NLR mutational and domain swap
experiments (Krasileva et al., 2010; Ravensdale et al., 2012). However, the in vivo evidence
between the NLR-effector interactions is sparse, one possible explanation is that the interaction is
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transient or maybe some other limiting factors are involved in the interaction. One example is the
interaction between TNL RPP1-WsB which is an allele of recognition of Peronospora parasitica
1 in Arabidopsis ecotype Ws (Wassilewskija), and downy mildew pathogen (Hyaloperonospora
arabidopsidis) effector protein Atr1 has been demonstrated in a tobacco transient assay (Krasileva
et al., 2010).

1.6.4.3 Indirect NLR surveillance of effector activities
The diversity of NLRs and pathogen effectors is very high, which possibly indicates that different
amino acids or patches of the receptor and effector are targeted due to the evolutionary pressure
(Dodds et al., 2006; Krasileva et al., 2010; Leonelli et al., 2011; Kanzaki et al., 2012). To keep
pace with rapid pathogen evolution, the NLR recognition space might also be increased due to
only a limited set of host proteins that are sensed by the actions of diverse pathogen effectors
indirectly (Mukhtar et al., 2011; Wessling et al., 2014). For example, RIN4, which has been
introduced above, can be guarded constitutively by RPM1 (resistance to Pseudomonas syringae
pv. maculicola 1) and RPS2 (resistance to Pseudomonas syringae 2), which are Arabidopsis
plasma membrane CNL receptors. The phosphorylation induced by AvrB and cis/trans
isomerization with conformational changes of RIN4 are perceived by RPM1, which then activates
immune signaling (Chung et al., 2014; Li et al., 2014). RIN4 serves as a negative regulator of basal
resistance without RPM1 and RPS2 (Kim et al., 2005; Liu et al., 2009a) and it seems that many
bacterial effectors target it for manipulation (Luo et al., 2009; Wilton et al., 2010). A plant decoy
strategy is another indirect recognition pattern. In this pattern, the pathogen effectors target
structurally related basal defense components that are trapped by the monitored host factor served
as a bait with no measurable resistance function, thereby triggering ETI (van der Hoorn and
Kamoun, 2008; Collier and Moffett, 2009). For example, Arabidopsis RPS5 interacts with its Nterminal CC domain and the protein kinase PBS1 (AvrPphB susceptible 1), therefore is held in an
inhibited state. It can be activated once the P. syringae effector AvrPphB cleaves PBS1 (Ade et
al., 2007). Further analysis indicates that in addition to RPS5, AvrPphB can also cleave several
other PBS1-like kinases including BIK1 (Botrytis-induced kinase 1) (Zhang et al., 2010a).
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1.7

Plant hormones in plant defense

Phytohormones also regulate plant defense in many ways, among them, the Jasmonic
acid/Ethylene (JA/Et) pathway mediates defense against necrotrophic pathogens whereas the
Salicylic acid (SA) pathway is involved in biotrophic and hemibiotrophic pathogens (Shim et al.,
2013). The Arabidopsis-Pseudomonas plant-pathogen system is utilized by many labs to
investigate defense signaling because both sides are genetically amendable.

1.7.1 Salicylic acid
The SA (salicylic acid) pathway plays an important role in not only local defense against
Pseudomonas pathogens but also for systemic acquired resistance (SAR). SAR is a phenomenon
in which a systemic signal is transported to distal leaves by local defense to prime the plant for
secondary infection (Fu and Dong, 2013). It is demonstrated that the mobile signal transported
from the local leaf to the distal leaf is not SA although it plays a major role in SAR establishment
in the distal leaf. Some potential mobile signals have been identified such as azelaic acid
(C9H16O4), dehydroabietinal (DA) and Glycerol-3-phosphate (Fu and Dong, 2013). The SA
pathway is induced in response to both PTI and ETI.

In terms of SA biosynthesis, chorismate pathway plays a major role in which ICS1 (isochorismate
synthase 1) is very important (Serino et al., 1995; Mercado-Blanco et al., 2001; Wildermuth et al.,
2001). Upon Pseudomonas attack, ICS1 is induced, many transcriptional regulators such as
SARD1, CBP60g, EIN3, EIL1, ANAC019, ANAC055 and ANAC072 contribute to the
transcriptional regulation of ICS1 (Chen et al., 2009; Zhang et al., 2010b; Zheng et al., 2012). In
addition, some components which function in ETI signaling such as EDS1, PAD4 and NDR1 also
regulate ICS1. NPR1(non-expressor of PR1) transduces SA signaling. Localized to the cytosol as
an oligomer, upon SAR, NPR1 is reduced to a monomer and transported to the nucleus (Cao et al.,
1994; Delaney et al., 1995; Cao et al., 1997; Shah et al., 1997; Kinkema et al., 2000; Mou et al.,
2003). The redox regulation is responsible for nuclear translocation, in which the oligomerization
depends on S-nitrosoglutathione and monomerization depends on thioredoxins (Tada et al., 2008).
26S proteasome-mediated degradation also regulates NPR1 both before and after SAR (Spoel et
al., 2009). The adaptors NPR3, NPR4 and cullin 3 E ligase mediate the polyubiquitination of NPR1
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(Zhang et al., 2006; Fu et al., 2012). NPR3 and NPR4 are further reported to be SA receptors (Fu
et al., 2012). It is proposed that NPR3-NPR1 interaction and NPR1 degradation are induced by SA
whereas NPR4-NPR1 interaction occurs without SA (Fu and Dong, 2013).

Many transcriptional factors such as TGAs, NIMINs and mediators are involved in SAR. Among
them, TGAs bind with NPR1 thus regulating the downstream gene expression positively (Zhang
et al., 2003; Kesarwani et al., 2007). To the contrary, NIMINs regulate downstream gene
expression negatively by binding with NPR1 (Weigel et al., 2005). The mediators MED25,
MED16, and MED15 are subunits of a big complex, and have been proven to play roles in SA
induction gene expression (Dhawan et al., 2009; Kidd et al., 2009; Wathugala et al., 2012; Zhang
and Mou, 2012).

1.7.2 Jasmonic acid
In response to pathogen infection, the increase in JA levels clearly indicates its involvement in
plant defense response. In addition, JA also defends plants against herbivores such as spider mites,
thrips, caterpillar, beetles, and mirid bugs (Wasternack and Hause, 2013). It is now clear how JA
is biosynthesized. Basically, there are three steps involved in this. First, in chloroplasts, a series of
enzymes help α-Linolenic acid (18:3) be converted into 12-oxophytodienoic acid (OPDA). Then
ATP-binding transporter PXA1 will transport OPDA into the peroxisome where it will be
converted into (3R, 7S)-jasmonic acid via three cycles of β-oxidation. Third, in the cytoplasm,
amino acids will be conjugated to JA (Fonseca et al., 2009).

In the JA signaling pathway, a transcription factor JASMONATE INSENSITIVE 1/MYC2
(JIN1/MYC2) plays a prominent role, because it mediates a lot of gene expression (Eulgem and
Somssich, 2007). It is reported that some members of the APETALA2/ETHYLENERESPONSIVE FACTOR (AP2/ERF) family also participate in JA-regulated stress responses
(Lorenzo et al., 2003; Mizoi et al., 2012). For example, the expression levels of JA-responsive
marker gene PLANT DEFENSIN 1.2 (PDF1.2) are controlled by ERF1, ERF2, ERF5 and ERF6,
which provide resistance against necrotrophic pathogens (Berrocal-Lobo et al., 2002; Brown et al.,
2003; Moffat et al., 2012). Furthermore, under stress conditions, JASMONATE-JIM-DOMIN
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(JAZ), which is a repressor protein also plays a significant role. Without JA-Ile, which is the
bioactive JA, the transcriptional regulation of JA-responsive genes will be inhibited because JAZ
proteins will interact with JIN1/MYC2. However, in the presence of JA-Ile, JAZ proteins will bind
to its receptor CORONATINE INSENSITIVE1 (COI1), which is an F-box protein, then it will be
degraded by the 26S proteasome-mediated pathway, therefore enabling MYC2 to upregulate the
expression of JA target genes (Chini et al., 2007). Recent study shows that MYC2 regulates JA
responses in a more dynamic and fine-tuned way, for example, MYC2 can be modified posttranslationally by phosphorylation at Thr328 (Zhai et al., 2013). The modified protein then can be
degraded by PUB10 which is a plant U-box protein (Jung et al., 2015).

1.7.3 Ethylene
As a gaseous hormone, ethylene plays an important role in many biological processes such as seed
germination, leaf senescence, fruit ripening and also resistance to biotic and abiotic stresses.
Ethylene can be synthesized from its primary precursor methionine. When ethylene binds ethylene
receptors, the ethylene-signaling pathway will be initiated. Ethylene receptors physically interact
with CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) in the absence of ethylene perception,
thereby inhibiting the positive function of ETHYLENE INSENSITIVE 2 (EIN2) (Alonso et al.,
1999; Chen et al., 2005). However, in the presence of perception, the receptors will be bound with
ethylene, so the repressor function of CTR1 on EIN2 will be inhibited therefore activating
downstream gene expression via transcription factors ETHYLENE INSENSITIVE 3 (EIN3) and
EIN3-LIKE proteins (EILs) positively (Chao et al., 1997; Alonso et al., 1999). EIN3 and EILs are
targeted to the promoter of the transcription factor ETHYLENE RESPONSE FACTOR 1 (ERF1),
thereby increasing its expression (Solano et al., 1998). As a transcription factor, ERF1 can bind to
the promoters of downstream genes such as PDF1.2, therefore enhancing gene transcription
(Solano et al., 1998). Five ethylene receptors exist in Arabidopsis: ETHYLENE RESPONSE
1(ETR1), ETR2, ETHYLENE RESPONSE SENSOR 1 (ERS1), ERS2, and ETHYLENE
INSENSITIVE 4 (EIN4) (Chen et al., 2005). The receptors all share three domains: N-terminal
transmembrane domain, a GAF domain and a signal output domain. In the presence of copper
cofactor, the N-terminal transmembrane domain can bind ethylene (O'Malley et al., 2005), the
GAF domain mediates interaction between receptors and the C-terminal domain is involved in the
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interaction with CTR1 (Stepanova and Alonso, 2009). As a Raf-like kinase, CTR1 binds with
ethylene receptors and they are localized on the membrane of the endoplasmic reticulum (Clark et
al., 1998). A series of degradation events leads to the primary regulation of ethylene signaling. For
example, ETR2 will be degraded by the proteasome system once ethylene binds to it (Chen et al.,
2007). Two F-box proteins, EIN2 TARGETING PROTEIN 1 (ETP1) and ETP2, regulate EIN2.
In the absence of ethylene, EIN2 will be targeted by the high levels of EPT1 and EPT2, therefore
mediating the degradation of EIN2 by proteasome-dependent ubiquitin-mediated degradation
(Qiao et al., 2009). Similar to EIN2, EIN3 and EILs are also degraded by two F-box proteins: EINbinding box 1 (EBF1) and EBF2 (Guo and Ecker, 2003). Reports indicate that the MAPK kinase
pathway also regulates the protein level of EIN3. For example, MKK9 can activate MPK3 and
MPK6, thereby phosphorylating EIN3 on threonine 174 to increase the stability; another MAP
kinase pathway can be activated by the kinase activity of CTR1, leading to the phosphorylation of
EIN3 on threonine 592 for degradation (Yoo et al., 2008).

1.8

Endoplasmic reticulum (ER) and ER-derived structures

1.8.1 Endoplasmic reticulum
First described by electron microscopists in the 1960s, ER (endoplasmic reticulum) has got more
and more attention (Porter and Machado, 1960). ER is known for its extremely dynamic and
pleomorphic nature with actin cytoskeleton implicated as the organizer of the ER network (Quader
et al., 1989). Basically, there are two forms of ER: rough or smooth depending on whether there
are ribosomes attached to the surface. However, it is more appropriate to talk about tubular or
cisternal ER now. There is luminal continuity between the nuclea and ER because the membrane
of the outer nuclear envelope is continuous with the ER membrane. In addition, it is also possible
that the ER forms contacts with a lot of other organelles such as mitochondria, peroxisomes, the
tonoplast and the plasma membrane. Endoplasmic reticulum as well as the Golgi apparatus with
numerous cisternal stacks comprise the plant early secretory pathway. ER is the site of secretory
protein production, folding and quality control (Brandizzi et al., 2003), it is also involved in lipid
biosynthesis (Wallis and Browse, 2010) and other functions such as auxin regulation (Friml and
Jones, 2010), calcium homeostasis (Hong et al., 1999), oil and protein body formation (Huang,
1996; Herman, 2008), so the ER is a multifunctional organelle.
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1.8.2 ER-derived compartments
Plants are not able to evade adverse circumstances because of their sessile nature. The
endomembrane systems are modulated to cope with external stresses, especially the endoplasmic
reticulum (ER), which is the most flexible and adaptable organelle. Under different stresses, ER
will differentiate into various types of compartments which has got attention in plant cell biology.
Surrounding the vacuoles, networks of membranous tubules and cisternae of the ER are extended
in the cytosol. A lot of compartments come from the ER membrane which takes about one half of
the total area of membrane in cells. The sizes of ER-derived compartments range from 0.1 um to
10 um in plant cells (Larkins and Hurkman, 1978; Li et al., 1993; Hara-Nishimura et al., 1998;
Schmid et al., 1998; Toyooka et al., 2000; Hayashi et al., 2001) which have three features in
common: a lot of single proteins or several different proteins accumulated in the ER-derived
compartments; the components do not function within the compartments; these compartments do
not appear in all the tissues of the entire life of the plant but only occur in specific tissues at certain
growth stages (Hara-Nishimura et al., 2004). It is necessary to identify the components
accumulated in the compartment to understand their physiological role. In general, there are two
types: hydrolytic-enzyme type and storage-protein type. There is a hydrolytic enzyme contained
in the former type whereas there are large quantities of seed storage proteins accumulated in the
latter type.

1.8.2.1 Hydrolytic-enzyme type ER body:
The discovery of GFP helps us to visualize different organelles in the living cell. In Arabidopsis
cotyledon cells which express ER-targeted GFP, which is composed of a signal peptide and GFP
followed by tetrapeptide sequence K(H)DEL(Lys/His-Asp-Glu-Leu), the ER body which is a large
ER-derived compartment is easily observed (Haseloff et al., 1997; Hayashi et al., 1999; Ridge et
al., 1999; Hawes et al., 2001).

Different from other hydrolytic enzyme type compartments KDEL vesicles: 0.2–0.5 um (Toyooka
et al., 2000) and ricinosomes: 0.2–0.5 um (Schmid et al., 1998), the ER body is approximately 1
um in diameter x approximately 10 um long. Despite of this, ER bodies, KDEL vesicles and
ricinosomes share the accumulation of a hydrolytic enzyme with an ER retention signal (KDEL)
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at the C terminus. The major component in ER body is a KDEL-tailed–β-glucosidase (PYK10)
(Matsushima et al., 2003) whereas both KDEL vesicles and ricinosomes contain a KDEL-tailed
Cys proteinase (Schmid et al., 1998; Toyooka et al., 2000).

It is indicated that ER bodies are only found in the order Brassicales, especially in the families
Brassicaceae, Capparaceae and Cleomaceae. The ER body in Arabidopsis is strictly restricted to
the cotyledon, the hypocotyl and the root but not in rosette leaves. Later it was reported that upon
wounding and treatment with MeJA, ER bodies can be formed in the rosette leaves, indicating that
the ER body may function in defense against wound and insect attack. β-glucosidase called
PYK10/BGLU23 was reported to be the major component in the ER body in Arabidopsis
(Matsushima et al., 2003) and the ER body formation is determined by NAI2 which is an ER body
component. It was reported that PYK10 is diffused throughout the ER network without NAI2.
People also wonder why ER bodies occur in seedlings but not in rosette leaves. This may be
explained by the economy of costs of nutrients and energy, ER bodies may be not involved in the
fundamental process of plant life based on the fact that a lot of mutants which cannot form ER
bodies can grow and develop normally, so the cost can be saved until the ER bodies are needed in
rosette leaves. Compared to the rosette leaves, the cotyledons are more sensitive to wounding and
chewing so they pay the costs for defense.

1.8.2.2 Storage protein type: PAC vesicles
Another ER-derived compartment is the PAC (precursor-accumulating) vesicle which was found
in maturing seeds of pumpkin (Cucurbita maxima) and castor bean (Ricinus communis) (HaraNishimura et al., 1998). A lot of precursors of storage proteins are accumulated in the PAC vesicles
such as 2S albumin and 11S globulin to be transported to protein storage vacuoles. In the ER lumen,
the precursor proteins produce aggregates which then develop into PAC vesicles. An aggregate
sorting of proteins to protein storage vacuoles is conducted in the PAC vesicles in a Golgiindependent manner. Contrary to the previous observation, people recently discovered that there
also exists a Golgi-dependent manner in which the storage protein precursors can be transported
into the PAC vesicles. PV72 is a type I integral membrane protein, the localization of this protein
has been reported to be both on the PAC membrane and on the Golgi complex which probably
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indicates that the recycled movement of the storage protein precursors between PAC vesicles and
the Golgi complex (Shimada et al., 2002). People assume that there are two ways that the storage
protein precursors can be transported to the vesicles: one is aggregate sorting, this way is mainly
utilized by maturing seeds which produce a lot of storage proteins actively; another is receptor
dependent sorting, this way can make sure that the proteins are delivered properly (HaraNishimura et al., 2004).

1.9

Hypothesis and Objective

Our first hypothesis is that ATG8 interacting proteins are potential autophagy selective receptors.
Based on the identification of ATI3 as an ATG8 interacting protein and that ATI3 interacts with
UBAC2, we hypothesize that ATI3 and UBAC2 mediate a selective autophagy pathway. In
addition, based on the hypersusceptibility of a ubac2 mutant to PstDC3000 hrcC, we hypothesize
that UBAC2 is involved in PTI. Furthermore, a new family of protein named NAIP by us was
identified through yeast two-hybrid screening with UBAC2, their interaction was demonstrated to
be quite weak later, however, NAIP has strong interaction with NAI2 which is critical to ER body
formation. We hypothesize that NAIP proteins play critical roles in ER body formation.

The objectives of the studies are: 1) understanding the roles of ATI3 and UBAC2 in plant selective
autophagy; 2) functional characterization of UBAC2 in PAMP-triggered immunity; and 3)
dissecting how NAIP is involved in ER body formation or ER-derived compartments.
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DICOT-SPECIFIC ATG8-INTERACTING ATI3
PROTEINS INTERACT WITH CONSERVED UBAC2 PROTEINS AND
PLAY CRITICAL ROLES IN PLANT STRESS RESPONSES

This chapter is a minor modification of the published paper under the same title. Jie Zhou, Zhe
Wang and Xiaoting Wang contributed equally to this work and were listed as co first authors in
the publication.

2.1

Abstract

Selective macroautophagy/autophagy targets specific cargo by autophagy receptors through
interaction with ATG8 (autophagy-related protein 8)/MAP1LC3 (microtubule associated protein
1 light chain 3) for degradation in the vacuole. Here, we report the identification and
characterization

of

three

related

ATG8-interacting

proteins

(AT1G17780/ATI3A,

AT2G16575/ATI3B and AT1G73130/ATI3C) from Arabidopsis. ATI3 proteins contain a WxxL
LC3-interacting region (LIR) motif at the C terminus required for interaction with ATG8. ATI3
homologs are found only in dicots but not in other organisms including monocots. Disruption of
ATI3A does not alter plant growth or development but compromises both plant heat tolerance and
resistance to the necrotrophic fungal pathogen Botrytis cinerea. The critical role of ATI3A in plant
stress tolerance and disease resistance is dependent on its interaction with ATG8. Disruption of
ATI3B and ATI3C also significantly compromise plant heat tolerance. ATI3A interacts with
AT3G56740/UBAC2A and AT2G41160/UBAC2B (Ubiquitin-associated [UBA] protein 2a/b),
two conserved proteins implicated in endoplasmic reticulum (ER)-associated degradation.
Disruption of UBAC2A and UBAC2B also compromised heat tolerance and resistance to B.
cinerea. Overexpression of UBAC2 induces formation of ATG8- and ATI3-labeled punctate
structures under normal conditions, likely reflecting increased formation of phagophores or
autophagosomes. The ati3 and ubac2 mutants are significantly compromised in sensitivity to
tunicamycin, an ER stress-inducing agent, but are fully competent in autophagy-dependent ER
degradation under conditions of ER stress when using an ER luminal marker for detection. We
propose that ATI3 and UBAC2 play an important role in plant stress responses by mediating
selective autophagy of specific unknown ER components.
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2.2

Introduction

Autophagy is an evolutionarily conserved pathway for degradation of cytoplasmic components in
eukaryotes (Mizushima, 2010). Unlike the ubiquitin-proteasome system, which usually targets
short-lived proteins, autophagy has the capacity to degrade both short- and long-lived proteins and
organelles (Mizushima, 2007, 2010). Autophagic degradation is required to maintain cell
homeostasis in a wide range of physiological processes ranging from stress adaptation, cell
differentiation and development, host immunity, cell survival and death (Klionsky, 2005;
Mizushima, 2007; Levine et al., 2011). Autophagy was initially discovered in the budding yeast,
Saccharomyces cerevisiae, where more than 30 autophagy-related (ATG) proteins have been
identified(Mizushima, 2010). These ATG proteins are involved in the induction of autophagy,
autophagosome nucleation, elongation, maturation and fusion with vacuoles (Mizushima, 2010).
Most of these ATG proteins have also been identified and analyzed in other eukaryotes including
plants, indicating the highly conserved nature of the core autophagy process.

Autophagy in plants has also been analyzed. Genes encoding most of the conserved ATG proteins
have been identified in Arabidopsis and other plants and subjected to functional analysis through
genetic and molecular approaches (Liu et al., 2005; Su et al., 2006; Kwon and Park, 2008; Chung
et al., 2009; Shin et al., 2009; Zhuang et al., 2017). These studies have shown that autophagy is
involved in almost all aspects of plant life. Autophagy plays an important role in nutrient recycling
and utilization in plants. Under nitrogen- or carbon-limiting conditions, both the formation of the
autophagosome and expression of ATG genes are induced (Thompson et al., 2005; Xiong et al.,
2005). Furthermore, Arabidopsis autophagy mutants are hypersensitive to nitrogen- or carbonlimiting conditions (Doelling et al., 2002; Thompson et al., 2005; Xiong et al., 2005). Autophagy
also plays a role in the regulation of plant senescence and plant mutants defective in autophagy
undergo early senescence (Doelling et al., 2002; Hanaoka et al., 2002; Ishida et al., 2008).
Autophagy is induced by abiotic stresses such as oxidative, high salt and osmotic stress conditions
and autophagy mutants are hypersensitive to these abiotic stresses (Xiong et al., 2007a; Xiong et
al., 2007b; Liu et al., 2009b). We have also reported that authophagy is induced under high
temperature and Arabidopsis autophagy mutants are highly sensitive to heat stress (Zhou et al.,
2014c). Therefore, autophagy plays a critical role in plant responses to a wide range of abiotic
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stresses.

Autophagy also affects plant responses to microbial pathogens. In Tobacco mosaic virus (TMV)inoculated Nicotinana benthamiana expressing the N resistance gene, virus-induced silencing of
ATG6 and ATG7 genes resulted in expansion of N gene-mediated hypersensitive cell death to
uninfected tissue in inoculated leaves and uninfected distant leaves (Liu et al., 2005). When
infected by the avirulent Pseudomonas syringae strain expressing the avirulent gene AvrRpm1,
transgenic ATG6 antisense Arabidopsis plants containing the RPM1 resistance gene developed
expanded hypersensitive cell death beyond the infiltrated areas (Patel and Dinesh-Kumar, 2008).
Thus, autophagy limits the spread of hypersensitive cell death beyond infected cells. Intriguingly,
others have found that autophagy promotes defense-associated hypersensitive cell death induced
by avirulent or related pathogens (Hofius et al., 2009). The discrepancy in the effect of autophagy
on pathogen-induced hypersensitive cell death could be related to such factors as the ages of plants
and the timescale of cell death monitoring (Yoshimoto et al., 2009; Zhou et al., 2014a). Unlike
the conflicting results with biotrophic pathogens, there is consistent and compelling evidence that
autophagy plays a critical and positive role in plant resistance to necrotrophic pathogens, which
kill plant cells very early during infection. Autophagy is induced by infection of the necrotrophic
fungal pathogen Botrytis cinerea and Arabidopsis autophagy mutants exhibited enhanced
susceptibility to the necrotrophic pathogens B. cinerea and Alternaria brassicicola (Lai et al.,
2011a; Lenz et al., 2011). The positive role of autophagy in plant resistance to necrotrophic
pathogens is associated with the activity of autophagy in promoting plant cell survival and
positively modulating jasmonic acid signaling, which is required for plant defense response to
necrotrophic pathogens (Lai et al., 2011a). There is also an emerging role of autophagy in virusinduced RNA silencing, either as an antiviral collaborator for targeted degradation of viral RNA
silencing suppressors or an accomplice of viral RNA silencing suppressors for targeted
degradation of key components of plant cellular RNA silencing machinery (Derrien et al., 2012;
Nakahara et al., 2012).

The broad roles of autophagy are mediated not simply by nonselective bulk degradation of
intracellular contents but by selective clearance of specific cellular structures or proteins targeted
by autophagy receptors (Johansen and Lamark, 2011; Shaid et al., 2013). Autophagy receptors
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recognize specific autophagy substrates, on the one hand, interact with autophagosomal marker
protein ATG8, on the other hand, thereby facilitating delivery of captured autophagy cargos to
autophagosomes for degradation (Johansen and Lamark, 2011; Shaid et al., 2013). A substantial
number of autophagy receptors from non-plant organisms have been identified that mediate the
selective autophagosomal degradation of a variety of cargoes including protein aggregates,
signaling complexes, mitochondria and bacterial pathogens (Johansen and Lamark, 2011; Shaid et
al., 2013). In plants, autophagy receptors have also been identified and characterized. Arabidopsis
protein TSPO (Tryptophan-Rich-Sensory Protein) is a ATG8-interacting heme-binding protein
that targets the degradation of porphyrins through autophagy (Vanhee et al., 2011). TSPO also
interacts with the aquaporin PIP2;7 and mediates its delivery from the plasma membrane to the
vacuole for degradation, thereby reducing the levels of the aquaporin to regulate water
permeability under heat and drought stress (Hachez et al., 2014). Plant NBR1 is a functional
hybrid of human NBR1 and p62 selective autophagy receptors that act in aggrephagy (Svenning
et al., 2011). Arabidopsis nbr1 mutants are highly compromised in tolerance to a range of abiotic
stresses including heat, drought and salt stresses but are normal in resistance to necrotrophic
pathogens and in age- and starvation-induced senescence. The compromised heat tolerance of
Arabidopsis atg5, atg7 and nbr1 mutants was associated with increased accumulation of insoluble,
highly ubiquitinated protein aggregates. NBR1, which contains a ubiquitin-binding domain, is
also increasingly accumulated as insoluble proteins in the autophagy mutants under heat stress.
These results indicate that NBR1 is a selective autophagy receptor that targets degradation of
ubiquitinated protein aggregates generated under stress conditions (Zhou et al., 2013). ATI1 and
ATI2 are two closely related, plant-specific ATG8-interacting proteins partially associated with
endoplasmic reticulum (ER) under normal conditions but become mainly associated with a new
type of spherical compartments under carbon starvation (Honig et al., 2012). ATI1 is also located
on bodies associated with plastids under carbon starvation and is involved in autophagy-dependent
trafficking of plastid proteins to the vacuole (Michaeli et al., 2014). Selective autophagy also
targets degradation of the 26S proteasome when the proteasome is inhibited chemically. This
chemically induced proteaphagy is dependent on the proteasome subunit RPN10 (Marshall et al.,
2015). RPN10 interacts with ATG8 and is increasingly associated with proteasome when it is
ubiquitinated, supporting its role as a selective autophagy receptor mediating the delivery of the
proteasome to the vacuole (Marshall et al., 2015).
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In the present study, we report identification and characterization of three closely related ATG8interacting proteins (ATI3a, ATI3b and ATI3c) from Arabidopsis. Close homologs of ATI3
proteins are found only in dicot plants. Disruption of ATI3 does not alter plant growth or
development but compromises both heat tolerance and resistance to the necrotrophic fungal
pathogen B. cinerea. ATI3 interacts with Ubiquitin Associated Domain Containing 2 (UBAC2),
a group of conserved ER proteins implicated in ER-associated degradation (ERAD) in human.
Like ati3 mutants, ubac2 mutants are compromised in both heat tolerance and resistance to B.
cinerea. Furthermore, increased levels of UBAC2 induced the formation of ATG8/ATI3-labeled
autophagosomes. The ati3 and ubac2 mutants were significantly compromised in sensitivity to
the ER stress-inducing agent tunicamycin (TM) but were normal in autophagy-dependent ER
degradation under ER stress when using an ER luminal GFP marker for detection. Based on these
findings, we propose that ATI3 and UBAC2 mediate a selective autophagy pathway with an
important role in plant stress responses in part through selective autophagy of specific ER
components.

2.3

Materials And Methods

2.3.1 Arabidopsis genotypes and growth conditions
The Arabidopsis mutants and WT plants are all in the Col-0 background. The atg5-1 single and
ire1a-2/irelb-1 double mutants have been previously described (Lai et al., 2011a; Nagashima et
al., 2011). Homozygous ati3a-1 (Salk_202281C), ati3b-1 (Salk_074382), ati3c-1 (Salk_056098C),
ubac2a-1

(WiscDsLoxHs094_04C),

ubac2a-2

(WiscDsLox495E11)

and

ubac2b-1

(Salk_021788C) mutants were identified by PCR using gene-specific primers flanking the TDNA/transposon insertions (Table 2.1). The transcripts of Arabidopsis ATI3 and UBAC2 genes
in the corresponding mutants were determined by qRT-PCR using gene-specific primers (Table
2.1). Arabidopsis ACTIN2 gene was used as internal control as previously described (Huang et al.,
2010). Arabidopsis plants were grown in growth chambers at 22°C, 120 μE m-2 light on a
photoperiod of 12h light and 12h dark.
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Table 2.1 PCR primers for Arabidopsis ati3 and ubac2 mutant screens and qRT-PCR.
GENE NAME

MUTANT SCREENS

qRT-PCR

AT1G17780/ATI3A

F: 5’-gctttcgaagttgggacctt-3’

F: 5’-ccatcttcctcggagattca-3’

R: 5’-gtgtgagaacgggaagtggt-3’

R: 5’-aaggtcccaacttcgaaagc-3’

F: 5’-tcggaaaagatgcagtcca-3’

F: 5’-ggcaaacactagatcctttagaagt-3’

R: 5’-gtcctgtcacgcattgcata-3’

R: 5’-gtcctgtcacgcattgcata-3’

F: 5’-tatgttggcacagagcacg-3’

F: 5’-actcgtcaccaaggttccag-3’

R: 5’-cgcctggaaagacagaagag-3’

R: 5’-tcagccatgatcctaacacg-3’

F: 5’-ccttcgttattacgagcgct-3’

F: 5’-tcggtaactctcctcctccag-3’

R: 5’-tgagccaatctgtctctcaaaa-3’

R: 5’-tagtgggactgtgcttcg-3’

F: 5’-ggaaaactgtgaagggagga-3’

F: 5’-gggcgtccacttctctgataaa-3’

R: 5’-aacctttgccttgcgaatac-3’

R: 5’-tgagaatggctgctcaagga-3’

AT2G16575/ATI3B

AT1G73130/ATI3C

AT3G56740/UBAC2A

AT2G41160/UBAC2B

AT1G18260/HRD3A

F: 5’-ggcagcagggtgcagtatag-3’
R: 5’-gagagagaatcaggcgacaag-3’

2.3.2 Yeast Two-Hybrid Screen and Assays
Arabidopsis ATI3a was identified as an ATG8-interacting protein from the Gal4-based yeast-twohybrid screens as previously described (Zhou et al., 2013). For assays of ATI3b- and ATI3cATG8 interaction in yeast cells, full-length ATI3b and ATI3c coding sequences were PCRamplified

using

gene-specific

gctctcgagttacaaaagctcccattcaga-3’;

primers

(ATI3b:

ATI3c:

5’-agcgaattcatggagggggatggttttaa-3’/5’-

5’-agcgaattcatggagggggatggttttaa-3’/

gctctcgagttacaaaagctcccattcagaatcttctg-3’) and cloned into pAD-Gal4 vector.

5’-

ATI3aW260A

mutant gene was generated by overlapping PCR and cloned into pAD-Gal4. Various combinations
of bait and prey constructs were cotransformed into yeast cells and interactions were analyzed by
plating onto selection medium lacking Trp, Leu and His or by β-galactosidase activity assays using
ONPG (o-nitrophenyl-β-D-galactopyranose) as substrate.

ATI3a-interacting proteins were identified using the split-ubiquitin complementation screens from
a normalized Arabidopsis cDNA library purchased from Dualsystems Biotech. Full-length ATI3a

35
coding

sequence

was

amplified

by

PCR

using

gene-specific

primers

(5’5’-

cgcggccattacggccatgaatagaaattccaaaggaaga-3’/

catggccgaggcggccaacgcaatctccgcctcagaatcttctgatacaa-3’) and cloned into the bait vector. The bait
plasmid and the cDNA library were used to transform yeast cells. Yeast transformants were plated
onto selection medium and confirmed by β-galactosidase activity assays.

2.3.3 BiFC assay
The BiFC vectors pFGC-N-YFP and pFGC-C-YFP have been previously described (Kim et al.,
2008). The full-length ATI3a and UBAC2a sequences were PCR-amplified using gene-specific
primers

(ATI3a:

5’-agcgagctcatgaatagaaattccaaaggaagag-3’

and

5’-

agctctagacaaaatctcccactcagaatctt -3’; UBAC2a: 5’-agcgagctcatgaacggcggtccctcc-3’ and 5’agctctagagtgggactgtgcttcgaga-3’) and cloned into pFGC-C-YFP or pFGC-N-YFP, as appropriate.
The plasmids were introduced into A. tumefaciens (strain GV3101) and infiltration into N.
benthamiana was described previously (Cui et al., 2007). BiFC fluorescent signals in infected
tissues were analyzed at ~24h after infiltration by a Zeiss LSM710 confocal microscope and
images were superimposed with Zeiss LSM710 software.

2.3.4 Analysis of tolerance to heat, salt and ER stress agent TM
Testing of heat and salt tolerance of Arabidopsis seedlings were performed as previously described
(Wang et al., 2015). For assays of sensitivity to TM, WT and mutant seeds were sterilized and
germinated on solid half-strength MS medium supplemented with or without 0.1 mg/L TM.
Survival rates were determined after 2 weeks.

2.3.5 Botrytis Infection
Culture and inoculation of B. cinerea were performed as previously described (Lai et al., 2011a).
Biomass of the fungal pathogen was quantified by qRT-PCR of total RNA isolated from inoculated
plants for the B. cinerea ActA gene transcript levels as described previously (Lai et al., 2011b).
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2.3.6 Subcellular localization
Full-length UBAC2 and ATI3 genes were fused to the GFP and mCherry genes, respectively,
behind the CaMV 35S promoter in a pFGC5941-based plant transformation vector (Chi et al.,
2015). The UBAC2-GFP fusion gene was co-expressed with a BIP-mCherry-KDEL ER marker
gene or ATG8A-mCherry autophagosome marker in N. benthamiana. The ATI3A-mCherry fusion
gene was co-expressed with an ATG8A-GFP marker gene in N. benthamiana. Imaging of
coexpressed GFP and mCherry signals was performed with standard confocal laser microscopy
with appropriate filter sets: GFP (excitation 488 nm, emission 500-550 nm) and mCherry
(excitation 561 nm, emission 570-620 nm).

2.3.7 Preparation and transfection of leaf protoplasts
Arabidopsis leaf protoplasts were prepared using the Tape-Arabidopsis-Sandwich procedure.
Approximately 5x104 protoplasts were used in transfection using 20 ug BiP-GFP-KDEL plasmid
DNA as previously described (Yoo et al., 2007). TM (5 ug/mL) and concA were added to
transformed protoplasts at the final concentrations of 5 ug/mL and 1 uM, respectively. DMSO
was used as a solvent control for all treatments. Protoplasts were incubated at room temperature
in darkness for 12 h, with 40 rpm orbital shaking. Confocal microscopy was performed with a
Leica confocal microscope using a ×63 Leica oil immersion objective.

2.4

Results

2.4.1 Identification of a new family of plant-specific ATG8-interacting proteins
We previously reported identification of more than 20 positive clones in yeast two-hybrid screens
using Arabidopsis ATG8a and ATG8f as baits (Zhou et al., 2013). The proteins encoded by these
positive clones include ATG4 (Ag2g44140), ATI1 (At2g45980), ATI2 (At4g00355) and NBR1
(At4g24690). These ATG8-interacting proteins have been characterized for their roles in
autophagosome formation and selective autophagy. Among the remaining positive clones, four
match the Arabidopsis locus At1g17780. Due to its interaction with ATG8 proteins, the
corresponding protein product of At1g17780 was named ATG8-Interacting Protein 3a or ATI3a.

37
Based on both the prototrophy for His3 and LacZ reporter gene expression (Figure. 2.1), ATI3a is
a strong interactor of ATG8 proteins. In fact, quantitative assays of β-galactosidase activity for
LacZ reporter gene expression revealed that the interaction of ATG8a and ATG8f with ATI3a was
substantially stronger than their interaction with NBR1 (Figure. 2.1B).

Figure 2.1 Interaction of Arabidopsis ATI3 and ATG8 proteins in yeast cells.
A. Assays of protein interactions using the Gal4 yeast two-hybrid system. The activation domain
(AD) fusions of ATI3 genes were co-transformed with the empty Gal4 DNA binding domain vector
(pBD) and fusions of ATG8 genes into yeast cells and grown in the absence of Leu, Trp and His.
B. Quantitative assays of protein interactions in the yeast two-hybrid system. The AD fusions of
ATI3 and NBR1 genes were transformed with the Gal4 DB-ATG8 fusion vectors into yeast cells.
Proteins were isolated from the yeast cells and assayed for the β-galactosidase activity using onitrophenyl-β-D-galactopyranose (ONPG) as substrate. Data represent means ± SE (n = 5).

ATI3a is a protein of 263 amino acids (aa) with two homologs in Arabidopsis: ATI3b (At2g16575)
and ATI3c (At1g73130). Protein sequence of ATI3b (170aa) is highly similar to that of ATI3a
but two segments of 42 and 51aa at the N-terminal and the middle regions of ATI3a, respectively,
are absent in ATI3b (Figure. 2.2A). ATI3c is a longer protein of 646aa and its sequence similarity
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to ATI3a and ATI3b is limited to the C-terminal region while its N-terminal region is highly
divergent from those of ATI3a and ATI3b (Figure. 2.2B). The three proteins contain no known
functional domain but all have a WxxL LIR motif at the C-terminus (Figure. 2.2). Blast search of
annotated genomes including those green plants on Phytozome 11 (www.phytozome.jgi.doe.gov)
revealed, interestingly, that homologs of Arabidopsis ATI3 proteins are found only in dicots, but
not in any other organisms including monocots such as rice and maize. Most dicots contain 1 to 3
ATI3 gene homologs. These ATI3 homologs are divergent in their amino acid sequences at the Nterminal region but share high sequence similarity in the C-terminal region of approximately 100
amino acids (Figure. 2.3). At the C-terminal region, one stretch of about 30 amino acids contains
a large proportion of charged residues and is highly conserved among the ATI3 homologs from
different plants (Figure. 2.3). Most importantly, all these ATI3 homologs from different dicots
contain a putative WxxL LIR motif at their C-terminus (Figure. 2.3).

Figure 2.2 Protein sequences and motifs of ATI3a, ATI3b and ATI3c.
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A. Sequence comparison between ATI3a and ATI3b.
B. Sequence comparison between ATI3a and ATI3c.
Amino acid residues identical between the two compared proteins are in black background and the
conserved W and L residues in the putative WxxL LIR motifs at their C-terminus are indicated
with asterisks.

Figure 2.3 Alignment of C-terminal regions of Arabidopsis ATI3a (At1g17780), ATI3b
(At2g16575), ATI3c (At1g73130) and homologs from other dicots.
Identical amino acid residues are in red. The C-terminal LIR motifs are indicated.
To determine whether other ATI3 proteins are also ATG8-interacting proteins, we tested
interaction of Arabidopsis ATI3B and ATI3C with ATG8A and ATG8F in yeast cells (Figure.
2.1). Coding sequences for Arabidopsis ATI3B and ATI3C were cloned into the pAD-Gal4 prey
vector and co-transformed with the pBD-ATG8A and pBD-ATG8F bait vectors into yeast cells.
Both the prototrophy for His and LacZ reporter gene expression confirmed that ATI3B and ATI3C
also interacted strongly with ATG8A and ATG8F (Figure. 2.1). To determine whether the WxxL
LIR motif at the C terminus of ATI3 proteins is required for interaction with ATG8, we changed
the tryptophan residue at amino acid position 260 of ATI3A in the canonical WxxL LIR motif into
an alanine residue (ATI3AW260A). The gene encoding the ATI3AW260L mutant was cloned into
the prey vector and co-transformed into yeast cells with the ATG8 bait vectors. Unlike wild-type
ATI3A, the ATI3AW260A mutant protein failed to interact with ATG8A or ATG8F in yeast cells
based on both the prototrophy for His and the LacZ reporter gene expression (Figure. 2.1). Thus,
the WxxL LIR motif at the C terminus of the ATI3 proteins is essential for interaction with ATG8.
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To determine whether ATG8 and ATI3 interact in plant cells, we performed bimolecular
fluorescence complementation (BiFC) in Agrobacterium tumefaciens-infiltrated tobacco (N.
benthamiana). We fused Arabidopsis ATG8A to the N-terminal yellow fluorescent protein (YFP)
fragment (ATG8A-N-YFP) and ATI3A to the C-terminal YFP fragment (ATI3A-C-YFP). When
fused ATG8A-N-YFP was co-expressed with ATI3A-C-YFP in tobacco leaves, BiFC signals were
detected in transformed cells (Figure. 2.4). Control experiments in which ATG8A-N-YFP was coexpressed with unfused C-YFP or unfused N-YFP was co-expressed with ATI3A-C-YFP did not
show fluorescence (Figure. 2.4). Furthermore, when we fused the ATI3AW260A mutant protein
to the C-terminal YFP fragment (ATI3AW260A-C-YFP) and co-expressed with ATG8A-N-YFP,
we observed no fluorescence (Figure. 2.4). These results indicated that ATI3A interacts with
ATG8A in plant cells and this interaction is dependent on the WxxL LIR motif of ATI3A.

Figure 2.4 BiFC analysis of ATI3a interaction with ATG8a in planta.
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Fluorescence was observed in the transformed Nicotiana benthamiana leaf epidermal cells from
complementation of the N-terminal part of the YFP fused with ATG8a (ATG8a-N-YFP) by the Cterminal part of the YFP fused with ATI3a (ATI3a-C-YFP). No fluorescence was observed when
ATG8a-N-YFP was coexpressed with unfused C-YFP or with ATI3aW260A-C-YFP or when
unfused N-YFP was coexpressed with ATI3a-C-YFP. YFP epifluorescence images, bright-field
images and overlay images of the same cells are shown.

A number of studies using ATG8-GFP fusion proteins have shown that stress conditions induce
formation of ATG8-labeled punctate fluorescent signals in plant cells likely representing preautophagosomes or autophagosomes (Contento et al., 2005; Lai et al., 2011a; Liu and Bassham,
2013; Zhou et al., 2013). We have previously shown that when fused ATG8a-N-YFP was coexpressed with NBR1-C-YFP in tobacco leaves, BiFC signals were detected in transformed cells,
including punctate pre-autophagosome or autophagosome structures (Zhou et al., 2013).
Interestingly, the detected BiFC signals from the interaction of ATG8a-N-YFP and ATI3a-C-YFP
were largely dispersed with few punctate fluorescent structures (Figure. 2.5). To determine
whether formation of puncta labeled by the ATG8a/ATI3a complexes is responsive to stress, we
treated infiltrated tobacco plants at 42°C for 3 hours and then placed them at room temperature for
0.5 hour. The heat treatment increased the number of ATG8/ATI3-labeled punctate structures in
tobacco cells by almost 10-fold (Figure. 2.5, 2.6). As expected, when ATI3aW260A-C-YFP was
coexpressed with ATG8a-N-YFP, no BIFC signals or punctate structures were observed after heat
treatment in the infiltrated tobacco leaves (Figure. 2.5). Thus, interaction of ATG8 and ATI3
proteins occurred at normal conditions but heat stress induced formation of ATG8/ATI3-labeled
punctate structures, likely reflecting increased formation of ATG8-labeled pre-autophagosomes or
autophagosomes under heat stress in plant cells.
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Figure 2.5 Heat-induced punctate structures of ATI3/ATG8 complexes.
Agrobacterium cells containing the complementing ATG8a-N-YFP and ATI3a-C-YFP BiFC
constructs were infiltrated into N. benthamiana leaves for co-expression. One day after the
infiltration, tobacco plants were treated for 42°C for 3 hours and complemented BiFC signals were
observed by confocal fluorescence microscopy. Increased punctate structures of complemented
ATG8a-N-YFP/ATI3a-C-YFP BIFC signals were observed after treatment at 42°C. No BIFC
signals were observed from co-expression of ATG8a-N-YFP and ATI3aW260A-C-YFP at either
24°C or 42°C.

Figure 2.6 Effects of heat stress and overexpression of UBAC2a on formation of ATG8a/ATI3alabeled puncta.
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2.4.2 Functional analysis of ATI3 genes
To determine the biological functions of the ATI3 proteins, we first isolated T-DNA insertion
mutants for ATI3A. The ati3a-1 mutant (Salk_202281) contains a T-DNA insertion in the first
exon of the gene (Figure. 2.7). Quantitative real-time PCR (qRT-PCR) analysis detected little
transcript for ATI3A in the mutant, indicating that it is a knockout mutant (Figure. 2.7). The mutant
is normal in growth and development and displayed no detectable changes in morphological
phenotypes. We subsequently analyzed the phenotypes of the ati3a-1 mutant in the biological
processes in which autophagy is involved. We first compared wild type (WT) and ati3a mutants
for differences in age- and dark-induced senescence and salt tolerance but found no significant
alteration in the ati3a mutant when compared with WT plants. Thus, ATI3A does not appear to
play a critical role in some of the important processes affected by autophagy.

Figure 2.7 Isolation and characterization of ati3 mutants.
A. ATI3 gene structures and T-DNA/transposon insertion of the ati3 mutants. B. qRT-PCR
analysis of the ATI3 transcripts in the respective ati3 mutants.

44
Additional analysis, however, revealed that the heat tolerance of the ati3a-1 mutant was
substantially reduced. For testing heat tolerance, we placed 2-weeks-old seedlings of WT and
ati3a-1 mutant seedlings in a 45°C growth chamber for 10 h and scored them for survival rates
after recovery for 5 days at room temperature. Approximately 70% of WT seedlings but less than
20% of the ati3a-1 mutant seedlings survived after the heat stress (Figure. 2.8). To determine
whether reduced heat tolerance of the ati3a-1 mutant is caused by disruption of ATI3A, we
transformed the wild-type ATI3A coding sequence under the CaMV 35S promoter into the mutant.
The ati3a-1 mutant expressing the ATI3A gene was restored in heat tolerance to the WT level
(Figure. 2.8). By contrast, transformation of the ATI3AW260A mutant gene into the ati3a-1 mutant
failed to restore the heat tolerance (Figure. 2.8). These results indicated that ATI3A plays a critical
role in plant heat tolerance and this role is dependent on its interaction with ATG8.

Figure 2.8 Functional analysis of ATI3 genes in heat tolerance.
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A. Assays of heat tolerance of young seedlings. Two-weeks-old seedlings of Col-0 WT, ati3 single,
double and triple mutants and at3a mutant completed with WT ATI3a and mutant ATI3aW260A
mutant gene were placed in a 45°C growth chamber for 10 hours. The heat-treated plants were
then moved to a 22°C growth chamber for recovery. The picture was taken at three days after the
heat treatment.
B. Survival rates of heat-stressed young seedlings. Two-weeks-old seedlings were placed in a 45°C
growth chamber for 9 hours. The heat-treated plants were then moved to a 22°C growth chamber
for recovery. The survival rates were determined at three days after the heat treatment. Error bars
indicate SE.

A number of plant ATG8-interacting proteins have been previously identified and mutants for
some of the putative selective autophagy receptors have altered phenotypes in abiotic stress
tolerance (Zhou et al., 2013; Michaeli et al., 2014; Zhou et al., 2014c). However, there have been
no reported studies demonstrating critical roles of selective autophagy receptors in plant disease
resistance. To assess the involvement of ATI3A in plant disease resistance, we compared the ati3a1 with WT for resistance to the necrotrophic fungal pathogen B. cinerea. In WT plants, the majority
of leaves remained green with only a limited amount of necrosis and chlorosis at 4 days post
inoculation (dpi). In the ati3a mutant plants, the necrotic spots and chlorosis were more extensive
with a substantial portion being macerated by 4 dpi (Figure. 2.9A). qRT-PCR analysis indicated
that the B. cinerea actA gene transcript levels in ati3a-1 were about 6-fold higher than those in
WT at 5 dpi (Figure. 2.9B). Thus, both disease symptoms and fungal growth indicated that the
ati3a mutant was compromised in resistance to the necrotrophic pathogen. Transformation of the
WT-ATI3A, ATI3A-GFP or ATI3A-C-YFP genes, but not the mutant gene encoding ATI3AW260A,
into the ati3a-1 mutant restored the disease resistance to the wild-type levels (Figure. 2.9; Figure.
2.10). These results supported the idea that ATI3A plays a critical role in plant resistance to the
necrotrophic fungal pathogen and this role is also dependent on its interaction with ATG8.
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Figure 2.9 Functional analysis of ATI3 genes in plant resistance to B. cinerea.
A. Responses to B. cinerea using whole-plant inoculation. Col-0 wild-type (WT), ati3 single,
double and triple mutants and ati3a mutant completed with WT ATI3a and mutant ATI3aW260A
mutant genes were inoculated by spraying spore suspension at a density of 2.5 × 105 spores/mL
and kept at high humidity. Photographs of representative plants were taken 4 d after inoculation
B. Estimation of the biomass of the fungal pathogen on infected plants. Total RNA was isolated
from the plants 4 d after inoculation and the transcript levels of the B. cinerea ActinA gene were
determined using qRT-PCR with the Arabidopsis Actin2 gene as internal control. Error bars
indicate SE (n=3). According to Duncan’s multiple range test (P=0.01), means of lesion areas do
not differ significantly if they are indicated with the same letter.

We have also isolated T-DNA insertion mutants for the two Arabidopsis ATI3A homologs. The
ati3b-1 mutant (Salk_056098) contains a T-DNA insertion in the gene promoter whereas the ati3c1 mutant (Sail_754_D05) contains a T-DNA insertion in the third exon of the gene (Figure. 2.7A).
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qRT-PCR analysis indicated that the transcript levels of ATI3B were reduced to less than 10% of
WT levels in ati3b-1 and the transcript levels for ATI3C were reduced to less than 5% of WT levels
in ati3c-1 (Figure. 2.7B). Like ati3a-1, the T-DNA insertion mutants for ATI3B and ATI3C were
normal in growth and development. They were also indistinguishable from WT in dark- and ageinduced senescence and in salt tolerance. On the other hand, the survival rates of the ati3b-1 and
ati3c-1 mutant seedlings were substantially lower than those of WT seedlings but significantly
higher than the ati3a-1 mutant seedlings after heat stress at 45°C (Figure. 2.8). Reduced heat
tolerance of the ati3b-1 and ati3c-1 mutants could be restored by transformation of the mutants
with the WT ATI3B and ATI3C genes, respectively (Figure. 2.10B). Thus, ATI3B and ATI3C
also play a significant role in plant heat tolerance. Unlike ati3a, the ati3b and ati3c mutants were
as resistant as WT plants to B. cinerea (Figure. 2.9). To determine possible functional redundancy
among the three ATI3 genes, we have generated ati3a ati3b double and ati3a ati3b ati3c triple
mutants. These double and triple mutants were again unchanged in growth and development under
normal conditions but displayed the phenotypes of compromised heat tolerance and disease
resistance largely similar to those of the ati3a-1 single mutant (Figures. 2.8 and 2.9).

Figure 2.10 Complementation of ati3 mutants.
Transgenic ati3a-1 mutant plants expressing the ATI3A-GFP or ATI3A-C-YFP transgene were
inoculated by spraying a spore suspension of B. cinerea at a density of 2.5 × 105 spores/mL and
kept at high humidity. Total RNA was isolated from the plants 4 days after inoculation and the
transcript levels of the B. cinerea actA gene were determined using qRT-PCR with the Arabidopsis
ACT2 gene as an internal control (A). Data represent means and standard errors (n=5). Twoweeks-old seedlings ati3b-1 and ati3c-1 mutants transformed with their respective WT genes were
placed in a 45°C growth chamber for 10 h. The heat-treated plants were then moved to a 22°C
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growth chamber for recovery. The survival rates were determined after 5 days of recovery at 22°C
following heat treatment (B). Data represent means and standard errors calculated from five
replicates (each with approximately 100 seedlings for each genotype).

2.4.3 Identification of UBAC2 as ATI3A-interacting proteins
Based on their interaction with ATG8 proteins and the critical roles in plant heat tolerance and
disease resistance, plant ATI3 proteins probably act as selective autophagy receptors that target
specific cellular components during the plant stress response. However, apart from the WxxL LIR
motif required for interaction with ATG8, ATI3 proteins contain no known functional domains
and, therefore, the potential cellular components targeted by ATI3-mediated autophagy are unclear.
To gain insights into the action of ATI3, we tried to identify ATI3-interacting proteins using yeast
two-hybrid screens. We initially tried the Gal4 system but found strong transcription-activating
activity of ATI3A in yeast cells. Therefore, we used the split-ubiquitin yeast two-hybrid system
using ATI3AW260A as bait to identify proteins other than ATG8 that interact with ATI3A. After
screening 7x106 independent transformants of an Arabidopsis cDNA prey library, we isolated 15
clones but subsequent tests using the empty bait vector confirmed that 14 of them were false
positives. The single positive clone was sequenced and found to match the sequence of the locus
AT3G56740. Blast search revealed that the ATI3A-interacting protein is closely related to UBAC2
(Ubiquitin-associated [UBA] protein 2) found in other eukaryotic organisms (Figure. 2.12) and
therefore is named Arabidopsis UBAC2A because it has a close homolog (AT2G41160/UBAC2B)
with ~80% identical residues (Figure. 2.11A). Arabidopsis UBAC2 proteins contain an N-terminal
transmembrane domain and a C-terminal domain of ~200 residues with a ubiquitin-association
(UBA) domain at the C terminus (Figure. 2.11B). This domain structure is also conserved in
UBAC2 proteins from other organisms (Figure. 2.12).
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Figure 2.11 Protein sequences and structures of UBAC2.
A. Sequence comparison between UBAC2a and UBAC2b. Amino acid residues identical between
the two compared proteins are in black background.
B. Prediction of TM helices and orientation in the UBAC2a protein using the TMHMM method
based on a hidden Markov model (http://www.cbs.dtu.dk/services/TMHMM-2.0/). A ubiquitinassociation domain (UBA) at the C-terminal region of UBAC2a is also indicated. The size of the
protein is indicated by the number of amino acid residues shown at the bottom.
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Figure 2.12 Protein sequence alignment of Arabidopsis UBAC2 proteins with the UBAC2
homolog from Xenopus tropicalis. Identical residues are in red.

To determine whether ATI3A and UBAC2 interact in plant cells, we performed BiFC in
Agrobacterium-infiltrated tobacco. We fused Arabidopsis UBAC2A to the N-terminal yellow
fluorescent protein (YFP) fragment (UBAC2A-N-YFP) and co-expressed it with ATI3A-C-YFP
in tobacco leaves. BiFC signals were detected in transformed cells (Figure. 2.13). Control
experiments in which UBAC2A-N-YFP was co-expressed with unfused C-YFP, or unfused NYFP was coexpressed with ATI3A-C-YFP did not show fluorescence (Figure. 2.13). Similar
results with UBAC2B were also obtained for interaction with ATI3A in plant cells (data not
shown). Interestingly, BiFC showed that while in vivo interaction between ATI3A and ATG8A
produced largely dispersed signals under normal growth conditions, in vivo interaction between
ATI3A and UBAC2 generated a substantial number of punctate fluorescent signals (Figure. 2.13).
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Figure 2.13 BiFC of ATI3-UBAC2 interactions.
BIFC fluorescence was observed in the transformed Nicotiana benthamiana leaf epidermal cells
from complementation of the N-terminal part of the YFP fused with UBAC2a (UBAC2a-N-YFP)
by the C-terminal part of the YFP fused with ATI3a (ATI3a-C-YFP). No fluorescence was
observed when UBAC2a-N-YFP was co-expressed with unfused C-YFP or when unfused N-YFP
was co-expressed with ATI3a-C-YFP. YFP epifluorescence images, bright-field images and
overlay images of the same cells are shown. BIFC fluorescence from complemented ATG8a-NYFP and ATI3a-C-YFP was also shown for comparison of punctate fluorescent structures.

2.4.4 UBAC2 proteins are targeted to the ER
UBAC2 has been implicated in ERAD (Christianson et al., 2012), a cellular process that targets
misfolded ER proteins for ubiquitination, retrotranslocation into the cytosol and degradation by
the proteasome. As a component of ERAD, UBAC2 is localized to the ER membrane in
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mammalian cells and may be involved in recognition of ubiquitinated nonnative ER proteins
through its cytosolic UBA domain at the C terminus (Christianson et al., 2012). Like UBAC2 from
other organisms, both Arabidopsis UBAC2A and UBAC2B contain a large N-terminal rhomboidlike transmembrane domain and a UBA domain at their C terminus (Figure. 2.11). To determine
the subcellular localization of Arabidopsis UBAC2, we generated a UBAC2-GFP fusion construct
and co-expressed it with the AT5G42020/BIP-mCherry-KDEL ER marker in N. benthamiana. As
expected, the red fluorescent signals of BIP-mCherry-KDEL were present as numerous networks
with blobs throughout the cells (Figure. 2.14). The green fluorescent signals of UBAC2-GFP were
also present as typical ER networks with extensive overlapping with those of BIP-mCherry-KDEL
(Figure. 2.14). This result indicates that Arabidopsis UBAC2 proteins are localized in the ER.

Figure 2.14 Subcellular localization of UBAC2 proteins.
The UBAC2-GFP fusion genes were coexpressed with the ER marker gene BIP-mCherry-KDEL
in N. benthamiana. The GFP, mCherry, differential interference contrast (DIC), and merged
images are shown. Co-expressed BIP-mCherry-KDEL ER marker and UBAC2-GFP generated
networks of fluorescent signals with blobs typical of ER structures throughout the cells and the
BIP-mCherry-KDEL signals extensively overlapped those of UBAC2-GFP signals. Bar=10 µm.

2.4.5 Functional analysis of UBAC2 in plant heat tolerance and disease resistance
To determine the biological functions of UBAC2 proteins, we isolated two T-DNA insertion
mutants for UBAC2A and one T-DNA insertion mutant for UBAC2B. The ubac2a-1

53
(WiscDsLoxHs094_04C) and ubac2a-2 (WiscDsLox495E11) mutants contained a T-DNA
insertion in the third exon and the second intron of UBAC2A, respectively (Figure. 2.15A). The
ubac2b-1 mutant (Salk_021788C) contained a T-DNA insertion in the fourth intron of UBAC2B
(Figure. 2.15A). qRT-PCR analysis revealed that these mutants contained less than 5% of the
transcripts for the disrupted gene when compared to those in WT and, therefore, are likely to be
knockout mutants (Figure. 2.15B). To overcome possible functional redundancy, we also
generated ubac2a ubac2b double mutants. The ubac2 single and double mutants for the two genes
were unchanged in growth and development under normal conditions. Because of the critical role
of ERAD and autophagy in plant heat tolerance, we first examined the responses of the ubac2
mutant seedlings to heat stress. After treatment at 45°C for 10 h and recovery at room temperature
for 5 days, almost 80% of WT seedlings survived but less than 20% of the 2 ubac2a single mutants
survived (Figure. 2.16). However, the ubac2b-1 mutant was normal in survival rate after heat stress
but the ubac2a-1 ubac2b-1 double mutant had an even lower survival rate (~10%) than those of
the ubac2a single mutants (Figure. 2.16). These results indicate that UBAC2A and UBAC2B are
partially redundant with UBC2A playing a relatively more important role in plant heat tolerance.

Figure 2.15 Isolation and characterization of ubac2 mutants.
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A. UBAC2 gene structures and T-DNA/transposon insertion of the ubac2 mutants. B. qRT-PCR
analysis of the UBAC2 transcripts in the respective ubac2 mutants.

Figure 2.16 Functional analysis of UBAC2 in heat tolerance.
Two-weeks-old seedlings of Col-0 WT, ubac2a and ubac2b single and double mutants were placed
in a 45°C growth chamber for 10 h. The heat-treated plants were then moved to a 22°C growth
chamber for recovery. The picture was taken after 3 days of recovery at 22°C (A). The survival
rates were determined after 5 days of recovery at 22°C following heat treatment at 45°C for 10 h
(B). Data represent means and standard errors calculated from five replicates (each with
approximately 100 seedlings for each genotype). According to Duncan’s multiple range test
(P=0.05), means of survival rates do not differ significantly if they are indicated with the same
letter.

To assess the involvement of UBAC2 in plant disease resistance, we compared the ubac2 mutants
with WT plants for resistance to B. cinerea. We observed no significant alteration of the ubac2a
and ubac2b single mutants in disease symptom development when compared to that of WT (Figure.
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2.17A). qRT-PCR also indicated levels of fungal growth in the two ubac2 single mutants to be
similar to those in the WT plants (Figure. 2.17B). Conversely, the ubac2a ubac2b double mutant
developed increased disease symptoms, which were correlated with increased fungal growth when
compared to those in WT plants (Figure. 2.17). Reduced resistance of the ubac2a ubac2b double
mutants to B. cinerea could be restored by transformation of the mutant with the UBAC2A-GFP
and UBAC2B-GFP genes (Figure. 2.18). Thus, like ATI3, UBAC2 proteins have an important role
not only in plant heat tolerance but also in plant resistance to the necrotrophic fungal pathogen.

Figure 2.17 Functional analysis of UBAC2 genes in plant resistance to B. cinerea.
A. Responses to B. cinerea using whole-plant inoculation. Col-0 wild-type (WT), ati3 single,
double and triple mutants and at3a mutant complemented with WT ATI3a and mutant
ATI3aW260A mutant plants were inoculated by spraying spore suspension at a density of 2.5 ×
105 spores/mL and kept at high humidity. Photographs of representative plants were taken 4 d after
inoculation
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B. Estimation of the biomass of the fungal pathogen on infected plants. Total RNA was isolated
from the plants 4 d after inoculation and the transcript levels of the B. cinerea ActinA gene were
determined using qRT-PCR with the Arabidopsis Actin2 gene as internal control. Error bars
indicate SE (n=3). According to Duncan’s multiple range test (P=0.05), means of lesion areas do
not differ significantly if they are indicated with the same letter.

Figure 2.18 Complementation of the ubac2a-1 ubac2b-1 double mutant.
Transgenic ubac2a-1 ubac2b-1 double-mutant plants expressing the UBAC2A-GFP or UBAC2BGFP transgene were inoculated by spraying a spore suspension at a density of 2.5 × 105 spores/mL
and kept at high humidity. Total RNA was isolated from the plants 4 days after inoculation and
the transcript levels of the B. cinerea actA gene were determined using qRT-PCR with the
Arabidopsis ACT2 gene as an internal control. Data represent means and standard errors (n=5).

Since UBAC2 has been implicated in ERAD, we compared the phenotypes of the ubac2a ubac2b
double mutants with a T-DNA knockout mutant for Arabidopsis AT1G18260/HRD3A, an ERADassociated E3 ubiquitin ligase component. First, we compared the ubac2a ubac2b and hrd3a
mutants for heat tolerance. As shown in Figure. 2.19A and 2.19B, the hrd3a mutant was more heat
sensitive than the ubac2a ubac2b double mutant based on the lower seedling survival rates after
treatment for 10 h at 45°C. However, unlike the ubac2a ubac2b mutant with compromised
resistance to B. cinerea, the hrd3a mutant responded normally to the necrotrophic fungal pathogen
(Figure. 2.19C and 2.19D). Thus, the phenotypes of the ubac2a ubac2b and hrd3a mutants did not
completely overlap.
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Figure 2.19 Comparison of ubac2a ubac2b with hrd3a mutants in heat tolerance and disease
resistance.
Two-weeks-old seedlings of Col-0 WT, hrd3a and ubac2a ubac2b double mutants were placed in
a 45°C growth chamber for 10h. The heat-treated plants were then moved to a 22°C growth
chamber for recovery. The picture was taken after 3 days of recovery at 22°C (A). The survival
rates were determined after 5 days of recovery at 22°C (A). Data represent means and standard
errors calculated from 5 replicates (each with approximately 100 seedlings for each genotype).
Col-0 WT, hrd3a, and ubac2a ubac2b double mutants were inoculated by spraying a spore
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suspension at a density of 2.5 × 105 spores/mL and kept at high humidity. Photographs of
representative plants were taken 4 days after inoculation (B). Total RNA was isolated from the
plants 4 days after inoculation and the transcript levels of the B. cinerea actA gene were determined
using qRT-PCR with the Arabidopsis ACT2 gene as an internal control (B). Data represent means
and standard errors (n=5).

2.4.6 Effect of Heat and UBAC2 on ATI3- and ATG8-labeled punctate structures
Under stress conditions, misfolded proteins in the ER increase, causing ER stress. To overcome
the problem, the unfolded protein response is activated for increased production of specific ERresident proteins including the BIP (binding protein) family of molecular chaperones, which assist
in protein folding and refolding (Fu and Gao, 2014; Pluquet et al., 2015). As part of the unfolded
protein response, ERAD is activated to remove misfolded proteins by delivery to the cytoplasm
for proteasomal degradation (Christianson et al., 2012). Previous studies have shown that ER stress
induces autophagy and portions of the ER are also delivered to the vacuole by autophagy during
ER stress in plant cells as evident from the localization of a soluble ER marker in autophgosomes,
and accumulation in the vacuole upon inhibition of vacuolar proteases due to neutralization of
acidic pH in the vacuole by concanamycin A (concA), an inhibitor of the vacuolar-type H+translocating ATPase (Liu et al., 2012b; Pu and Bassham, 2013; Yang et al., 2016). Given their
physical interaction and the similar mutant phenotypes in compromised heat tolerance and
resistance to B. cinerea, UBAC2 proteins could potentially function as receptors that recognize
ubiquitinated ER proteins through its C-terminal UBA domain and target their degradation by
ATI3- and ATG8-mediated selective autophagy during plant stress responses. To examine these
possibilities, we analyzed the colocalization of ATI3A and UBAC2A with ATG8A before and
after heat treatment. Using Agrobacterium infiltration, we co-expressed ATI3A-mCherry with
GFP-ATG8A fusion genes in tobacco leaves. At 24°C, we observed a low number of cytoplasmic
punctate structures from co-expressed tobacco leaf cells (Figure. 2.20A). After treatment at 42°C
for 3 h, the number of punctate fluorescent signals of ATI3A-mCherry increased substantially and
a majority of these puncta were also labeled by GFP-ATG8A (Figure. 2.20A). Similarly, we coexpressed ATG8-mCherry with UBAC2A-GFP (Figure. 2.19B) or UBAC2B-GFP (Figure. 2.20B)
and found that the numbers of punctate fluorescent signals of UBAC2A- and UBAC2B-GFP also
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increased after heat treatment. Again, a majority of heat-induced punctate fluorescent signals of
UBAC2A- and UBAC2B-GFP were labeled by ATG8A-mCherry (Figure. 2.20B and 2.20C).
Thus, heat stress induced the formation of ATG8-labeled ATI3 and UBAC2 punctate structures,
which are likely to be phagophores or autophagosomes that contain ATI3 and UBAC2.

Figure 2.20 Colocalization of ATI3A and UBAC2A with ATG8A under heat stress.
The ATI3A (A), UBAC2A (B) and UBAC2B (C) fluorescence protein fusion genes were coexpressed with the ATG8A autophagosome marker gene in N. benthamiana. The infiltrated
tobacco plants were kept at 24°C or treated at 42°C for 3 h. The GFP, mCherry, and merged images
are shown. Bar: 10 um.
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From the BiFC experiments for testing protein interactions in plant cells, we found that while the
ATI3A-ATG8 BIFC signals in transformed tobacco leaf cells were largely dispersed (Figure. 2.4),
the UBAC2-ATI3A BiFC signals were enriched in punctate structures even under normal growth
conditions (Figure. 2.13). The increased punctate structures of the UBAC2-ATI3A BiFC signals
could represent increased formation of ATI3A-labeled autophagosomes because of elevated levels
of UBAC2 in the transformed tobacco cells. To test this possibility, we analyzed the effect of
UBAC2A overexpression on the patterns of the ATI3A-ATG8A BiFC signals. Without UBAC2A
overexpression, co-expression of ATG8A-N-YFP and ATI3A-C-YFP constructs in tobacco plants
resulted in largely dispersed BiFC signals with few puncta under normal growth conditions (24°C)
(Figures. 2.4,2.13). Conversely, co-overexpression of UBAC2A with the ATG8 and ATI3A BiFC
constructs increased the number of punctate ATG8-ATI3A BIFC signals by more than 5-fold at
24°C (Figure. 2.13). Heat treatment at 42°C could further increase the number of punctate ATG8ATI3 BIFC signals by another 2-fold (Figure. 2.21). No dispersed or punctate BiFC signals were
observed from the co-expression of ATG8A-N-YFP and ATI3AW260AC-YFP with or without
UBAC2A overexpression (Figure. 2.21). Thus, delivery of the ATG8-ATI3 complexes to
phagophores, as indicated from the punctate BiFC signals, was promoted by UBAC2
overexpression. These observations suggest UBAC2 proteins may act as both cargo receptors and
inducers of an ATI3-mediated selective autophagy pathway.

Figure 2.21 Overexpression of UBAC2 promoted formation of ATI3- and ATG8-labeled punctate
structures.
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BiFC fluorescence was observed in transformed N. benthamiana leaf epidermal cells from
complementation of the N-terminal half of the YFP fused with UBAC2A (UBAC2A-N-YFP) by
the C-terminal half of the YFP fused with ATI3A (ATI3A-C-YFP) (A). No fluorescence was
observed when UBAC2A-N-YFP was co-expressed with unfused C-YFP or when unfused NYFP
was co-expressed with ATI3A-C-YFP (A). YFP epifluorescence images, bright-field images and
merged images of the same cells are shown. BiFC fluorescence from complemented ATG8A-NYFP and ATI3A-C-YFP is also shown for comparison of punctate fluorescent structures. The
numbers of formed ATG8A- and ATI3A-labeled puncta per microscopy section were determined
in response to heat treatment or overexpression of UBAC2A (B). Data represent means and
standard errors calculated from 10 microscopy sections. According to Duncan’s multiple range
test (P=0.05), means do not differ significantly if they are indicated with the same letter. Bar: 20
um.

2.4.7 Significant increase in sensitivity of ati3 and ubac2 to ER stress
Extensive evidence has indicated that misfolded ER proteins are targeted for degradation not only
by the proteasome but also by autophagy (Liu et al., 2012b; Pu and Bassham, 2013; Yang et al.,
2016). Therefore, it is possible that ATI3 and UBAC2 mediate a selective autophagy pathway in
plants that targets ER degradation under ER stress. To test this possibility, we compared ati3a
ati3b ati3c triple and ubac2a ubac2b double mutants with WT for tolerance to ER stress by testing
the seedling growth and survival in the presence of the ER stress agent TM, an inhibitor of Nlinked glycosylation that disturbs the protein-folding machinery and causes accumulation of
unfolded proteins in the ER (Liu et al., 2012b; Yang et al., 2016). As a positive control, we included
the autophagy-deficient atg5-1 mutant and the ire1a-2 irelb-1 double mutant in the assays (Lai et
al., 2011a; Nagashima et al., 2011). In the absence of TM, WT and all these mutants grew similarly
well (Figure. 2.22). In the presence of 0.1 mg/L TM, about 75% of WT seedlings survived but
only about 20% of atg5-1 mutant seedlings survived after 2 weeks (Figure. 2.22). Conversely,
none of the ire1a-2 irelb-1 double-mutant seedlings survived in the presence of 0.1 mg/L TM after
2 weeks (Figure. 2.22). Thus, the atg5 and ire1a ire1b mutants displayed increased sensitivity to
the ER stress agent as previously reported (Nagashima et al., 2011; Yang et al., 2016). The survival
percentages of the ati3a ati3b ati3c triple and ubac2a ubac2b double-mutant seedlings were 55
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and 58%, respectively, after 2 weeks in the presence of TM (Figure.2.22). These survival
percentages were substantially higher than those of the atg5 and ire1 mutants but were
significantly lower than that of WT. Thus, disruption of ATI3 and UBAC2 genes led to significantly
increased sensitivity to ER stress agent TM.

Figure 2.22 Response of ati3 and ubac2 mutants to ER stress agents.
Arabidopsis seeds of WT and mutant seeds were surface sterilized and sown on ½ strength MS
medium supplemented without (-TM) or with 0.1 mg/L TM (+TM). Pictures were taken 2 weeks
post germination (A). Seedling surviving rates were determined 2 weeks post germination (B).
Means and standard errors were calculated from 5 replicates (each with approximately 80 seedlings
for each genotype). According to Duncan’s multiple range test (P=0.05), means do not differ
significantly if they are indicated with the same letter.

2.4.8 Competence of ati3 and ubac2 in autophagy-dependent ER degradation
To further analyze whether ATI3 proteins act as selective autophagy receptors that target ER
through UBAC2 receptors for degradation in the vacuole during ER stress, we examined the
delivery and accumulation of punctate autophagosome-like structures labeled by a fluorescent
luminal ER marker in the vacuole of leaf protoplasts. In control WT leaf protoplasts transfected
with a BIP-GFP-KDEL luminal ER marker-encoding gene, we observed a typical cytoplasmic ER
pattern (Figure. 2.23). A similar cytoplasmic ER pattern was observed in WT leaf protoplasts after
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treatment with the vacuolar-type H+-translocating ATPase inhibitor concA, which blocks aciddependent vacuolar protein turnover (Figure. 2.23). To induce ER stress, we treated the leaf
protoplasts with TM and again observed largely cytoplasmic ER patterns of the fluorescent ER
marker with relatively few puncta (Figure. 2.23). However, in the presence of both TM and concA,
we observed that the number of the ER GFP punctate structures greatly increased in WT leaf
protoplasts (Figure. 2.23). In the leaf protoplasts of the ati3a ati3b ati3c triple mutant and the
ubac2a ubac2b double mutant, we observed the typical cytoplasmic ER pattern of the GFP-KDEL
ER marker with or without incubation with TM or concA (Figure. 2.23). In the presence of both
TM and concA, we observed a great increase in the ER GFP punctate structures in the leaf
protoplasts of the mutants, similar to those in WT protoplasts (Figure. 2.23). By contrast,
incubation of both TM and concA did not trigger a significant increase in the ER GFP punctate
structures in the leaf protoplasts of mutants for the ATG5 and IRE1 proteins required for ER stressinduced autophagy (Figure. 2.23). Thus, ati3 and ubac2 mutants were fully competent in
autophagy- and IRE1-dependent ER degradation under ER stress when the BIP-GFP-KDEL
luminal protein was used as an ER marker for detection.

Figure 2.23 Role of ATI3 and UBAC2 in ER stress-induced autophagy-dependent ER degradation.
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Leaf protoplasts obtained from 4-week-old plants were transformed with a BIP-GFP-KDEL
construct. The final concentrations of TM and concA used in the experiments were 5 ug/mL and
1 uM, respectively. DMSO was used as a solvent control. Protoplasts were incubated at room
temperature in darkness for 12 h, with 40 rpm orbital shaking. Confocal microscopy was used to
visualize the GFP fluorescence (A). Bar: 10 um. The numbers of BIPGFP-KDEL puncta per leaf
protoplast in response to TM-induced ER stress were determined (B). Data represent means and
standard errors calculated from 3 replicates (each with about 10 protoplasts for each genotype).

2.4.9 Autophagy-dependent delivery of ATI3 and UBAC2 to the vacuole
If ATI3 and UBAC2 proteins mediate a selective autophagy pathway that targets specific cargo
for degradation, the ATI3 and UBAC2 proteins would likely be delivered as part of
autophagosomes to the vacuole for degradation. To test this, we examined the delivery and
accumulation of punctate autophagosome-like structures labeled by the ATI3A-GFP or UBAC2AGFP maker in the vacuole of leaf protoplasts under ER stress. In untreated protoplasts or
protoplasts treated with TM or concA alone, we observed largely cytoplasmic ER patterns of the
ATI3A-GFP or UBAC2A-GFP signals (Figure. 2.24). In the presence of both TM and concA, we
observed substantial increases in the ATI3- and UBAC2A-GFP punctate structures in the leaf
protoplasts (Figure. 2.24). The average numbers of the ATI3- and UBAC2A-GFP punctate
structures per leaf protoplast were approximately 40-50% of those of the punctate structures from
the BIP-GFP-KDEL marker in the presence of both TM and concA (Figure. 2.24B). In the
autophagy-deficient atg5 leaf protoplasts, we observed largely cytoplasmic patterns with few
punctate structures for all three GFP makers even in the presence of both TM and concA (Figure.
2.24). Thus, ATI3 and UBAC2 proteins are delivered to the vacuole under ER stress in an
autophagy-dependent manner.
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Figure 2.24 Delivery of ATI3A and UBAC2A into the vacuole under ER stress.
Leaf protoplasts obtained from 4-week-old Col-0 and atg5 plants were transformed with an
ATI3A-GFP or UBAC2A-GFP construct. The final concentrations of TM (5 ug/mL) and concA
used in the experiments were 5 ug/mL and 1 uM, respectively. DMSO was used as a solvent control
for all treatments. Protoplasts were incubated at room temperature in darkness for 12 h, with 40
rpm orbital shaking. Confocal microscopy was used to visualize the GFP fluorescence (A). Bar:
10 um. The numbers of ATI3A-GFP and UBAC2A-GFP puncta per leaf protoplast in response to
TM-induced ER stress were determined (B). Data represent means and standard errors calculated
from 3 replicates (each with about 10 protoplasts for each genotype).

2.5

Discussion

Selective autophagy has been increasingly recognized as a critical process with a role in
intracellular homeostasis by degrading specific cargo materials such as aggregated proteins,
damaged or excess organelles and invading pathogens. In plants, several ATG8-interacting
proteins

including

AT2G47770/TSPO,

AT4G24690/NBR1,

AT2G45980/ATI1,

AT4G00355/ATI2 and AT4G38630/RPN10 have been identified and found to mediate selective
autophagy of specific cellular components during plant responses to different environmental
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stresses. In this study, we identified a new ATG8-interacting protein, ATI3A, from Arabidopsis
from yeast two-hybrid screens and confirmed by BiFC the interaction of ATI3A with ATG8
through its C-terminal WxxL LIR motif (Figure. 2.1 and 2.3). ATI3A has 2 homologs (ATI3B and
ATI3C) that also contain a C-terminal WxxL LIR motif and interact with ATG8 (Figure. 2.1 and
2.2). Further characterization of the ATG8-interacting ATI3 proteins revealed novel characteristics
that are not found in previously identified ATG8-interacting proteins from plants. First, an
extensive database search revealed that homologs of ATI3 with the conserved C-terminal WxxL
LIR motif are present only in dicot plants but not in monocots or other organisms. The absence of
the ATI3 homologs in monocots is intriguing and could be because these genes either have been
lost or never developed in monocots. If lost in monocots, ATI3 homologs might still be present in
ancestral species including green algae, mosses, ferns, gymnosperms or basal angiosperms.
However, database searches of a range of sequenced ancestral species including Chlamydomonas
reinhardtii (green algae), Physcomitrella patens (moss), Selaginella moellendorffii (fern), as well
as species of gymnosperms and basal angiosperms failed to identify close ATI3 homologs with
the conserved C-terminal WxxL LIR motif. Thus, it appears that ATG8-interacting ATI3 proteins
may have been developed only in dicots, although further analysis with additional plant species is
necessary to conclusively establish their dicot-specific nature.

Second, Arabidopsis ATI3 genes have novel biological functions not observed with other reported
ATG8-interacting proteins from plants. Previously characterized plant selective autophagy
receptors including TSPO, NBR1, ATI1, ATI2 and RPN10 play a critical role in plant tolerance
to abiotic stresses including heat, drought and salinity. Autophagy also plays a critical role in plant
immune responses to microbial pathogens based on the compromised disease resistance of mutants
for the genes required for the core processes of autophagy (Lai et al., 2011a; Lenz et al., 2011).
However, no such compromised disease resistance has been reported from mutants of previously
reported plant genes for the selective autophagy receptors. Arabidopsis ATI3 proteins interact
strongly with ATG8 and increasingly form punctate structures with ATG8 at high temperature
(Figure. 2.4; Figure. 2.21), most likely representing stress-induced autophagosomes. Importantly,
ati3a was compromised not only in heat tolerance but also in resistance to the necrotrophic fungal
pathogen B. cinerea (Figure. 2.8 and 2.9). The critical role of ATI3 proteins in plant heat tolerance
and disease resistance is dependent on interaction with ATG8 (Figure. 2.8 and 2.9). Therefore,

67
ATI3 proteins could potentially mediate a novel selective autophagy pathway important for plant
responses to both biotic and abiotic stresses. The role of the ATG8-interacting ATI3A in plant
resistance to B. cinerea makes it particularly valuable for the analysis of the role and action of
autophagy in plant immune responses.

Apart from the WxxL LIR motif at the C terminus required for interaction with ATG8, ATI3
proteins have no other known functional domain. Both Y2H and BiFC assays confirmed that ATI3
interacted with ER-localized UBAC2 (Figure. 2.13), which belong to a conserved family of
proteins implicated in ERAD in human (Christianson et al., 2012).40 Like ati3 mutants, ubac2
mutants had compromised phenotypes in both heat tolerance and in disease resistance (Figure.
2.16 and 2.17). Conversely, even though the ERAD-defective hrd3a mutant was also severely
compromised in heat tolerance as expected, it was largely normal in response to B. cinerea (Figure.
2.19). Thus, the phenotypes of the ubac2 mutants were more similar to those of the ati3 mutants
than to those of hrd3a mutant plants. These findings raised the possibility that ATI3 proteins
mediate a selective autophagy that targets ER proteins through UBAC2 acting as a receptor for
recognition of ubiquitinated ER cargo and subsequent degradation in the vacuole. Consistent with
this possibility, both UBAC2A-GFP and ATI3A-GFP were delivered to the vacuole in punctate
forms under ER stress in an autophagy-dependent manner (Figure. 2.24). This is also consistent
with the finding that the sensitivity of both ati3 and ubac2 mutants to the ER stress agent TM was
significantly increased when compared with that of WT (Figure. 2.22). Furthermore,
overexpression of UBAC2 in plant cells induced formation of ATG8- and ATI3-labeled punctate
structures likely representing increased formation of phagophores or autophagosomes (Figure.
2.21). Thus, UBAC2 may function both as receptors for recognition of ER cargo but also as
inducers of the ATI3mediated selective autophagy pathway. Intriguingly, the sensitivity of the ati3
and ubac2 mutants to the ER stress agent TM, although significantly higher than that of WT, were
substantially lower than that of the autophagy-deficient atg5-1 mutant (Figure. 2.22). In addition,
ati3 and ubac2 mutants were largely competent in autophagy-mediated ER degradation under TMinduced ER stress when using a luminal ER marker for detection (Figure. 2.23). These seemingly
inconsistent or even conflicting results suggest a complex relationship between the role of ATI3
and UBAC2 in plant stress responses and their involvement in ERAD and autophagy-dependent
ER degradation, which merits further consideration.
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The significant increase in the sensitivity of both ati3 and ubac2 mutants to TM and the association
of ATI3 proteins with ATG8 through the C-terminal WxxL LIR motif support the proposed role
of the interacting ATI3 and UBAC2 proteins in mitigating ER stress through a selective autophagy
pathway. The smaller increase in the sensitivity to ER stress in the ati3 and ubac2 mutants than in
the autophagy-deficient atg5 mutant could be explained by the existence of additional autophagy
pathways that target ER components and protect cells against ER stress in plants. Proteins destined
for the plasma membrane, the extracellular space and other secretory compartments all undergo
folding and maturation within the ER. Studies from different organisms including plants have
shown that there are multiple ER protein quality control and ERAD pathways for different ER
proteins. Studies in both yeast and mammalian cells have identified multiple ubiquitin E3 ligases
that mediate distinct ERAD pathways through targeting different types of ER proteins (Thibault
and Ng, 2012; Lemus and Goder, 2014). In yeast, two ubiquitin E3 ligases (Hrd1 and Ssm4/Doa10)
play functional and organizational roles in degradation of ERAD substrates. In mammalian cells,
three ubiquitin E3 ligases (AMFR/gp78, HRD1 and MARCH6/TEB4) share similar domain and
topological organization with yeast Hrd1 (ortholog of AMFR and HRD1) and Ssm4 (ortholog of
MARCH6). Yeast proteins with misfolded ER-luminal domains are degraded by the ERAD-L
pathway mediated by the Hrd1-Hrd3 E3 ligase, which forms a membrane core complex with Der1
through the linker protein Usa1 (Carvalho et al., 2006; Vembar and Brodsky, 2008). Degradation
of proteins with misfolded intramembrane domains is dependent on an ERAD-M pathway that is
independent of Usa1 and Der1 (Carvalho et al., 2006; Vembar and Brodsky, 2008). Membrane
proteins with misfolded cytosolic domains require the ERAD-C pathway mediated by the Ssm4
ubiquitin ligase (Carvalho et al., 2006; Vembar and Brodsky, 2008). In Arabidopsis, mutants for
specific ER protein quality control components are defective in the biogenesis of some but not all
pattern recognition receptors (Li et al., 2009; Nekrasov et al., 2009; Saijo et al., 2009; Liu and Li,
2014). If ATI3- and UBAC2-mediated autophagy targets a specific group or type of ER proteins
for degradation by autophagy, its role in mitigating ER stress would be more limited than the entire
autophagy process, and consequently the phenotype of the ati3 and ubac2 mutants in sensitivity to
a general ER stress inducer would not be as strong as an autophagy-deficient mutant such as atg51. In this case, detection of ATI3- and UBAC2-dependent ER degradation would also rely on the
use of correct ER markers that are targeted by the ATI3-UBAC2-mediated autophagy pathway.
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Therefore, the failure to detect a phenotype in TM-induced ER degradation in the ati3 and ubac2
mutants (Figure. 2.23), despite their increased sensitivity to the ER stress agent, could be due to
the use of a BIP-GFP-KDEL luminal ER marker, which may not necessarily be a target of the
ATI3- and UBAC2-mediated autophagy pathway.

It has been previously shown that accumulation of unfolded ER proteins is a trigger for induction
of autophagy in an AT5G24360/IRE1B-dependent manner under ER stress (Yang et al., 2016).
The chemical chaperones sodium 4-phenylbutyrate and tauroursodeoxycholic acid reduce
tunicamycin- or dithiothreitol-induced autophagy. 4-Phenylbutyrate also inhibits heat-induced
autophagy (Yang et al., 2016). Similarly, overexpression of an ER heat shock protein,
AT3G12580/HSP70, reduces autophagy (Yang et al., 2016). Conversely, expression in
Arabidopsis
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or

a

mutated

form

of

AT3G10410/carboxypeptidase Y induces autophagy (Yang et al., 2016). How unfolded ER
proteins trigger autophagy in plant cells is unclear. Interestingly, we found that overexpression of
UBAC2A increased punctate structures of ATG8-ATI3A BiFC fluorescent signals, likely
reflecting increased formation of autophagosomes (Figure. 2.21). The UBAC2 proteins are ER
membrane proteins but contain an extended cytosolic C-terminal region with a conserved UBA
domain at the C terminus (Figure. 2.11). The cytosolic UBA domain of UBAC2 could function in
the recognition of ubiquitinated unfolded ER proteins that are retrotranslocated from the ER lumen
or from membrane proteins with misfolded cytosolic domains. In addition, we observed that
UBAC2A-GFP was delivered to the vacuole under conditions of ER stress in an autophagydependent manner, suggesting that UBAC2 proteins might themselves be potential cargo proteins
of selective autophagy (Figure. 2.24). Therefore, increased formation of ATG8-labeled
autophagosome-like structures in UBAC2A-overexpressing cells could be due to increased levels
of misfolded UBAC2 proteins or UBAC2 proteins complexed with other ubiquitinated ER proteins
that act as autophagy inducers.

In summary, we have identified a new group of ATG8-interacting proteins that are unique to dicots.
We have further discovered that ATI3 interacts with UBAC2, an evolutionarily conserved protein
implicated in ERAD. Genetic analysis revealed that both the ATI3 and UBAC2 genes play
important roles in plant heat tolerance and resistance to Botrytis. ATI3 and UBAC2 proteins could
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mediate a new selective autophagy pathway with an important role in plant stress responses in part
through selective autophagy of specific ER components. Significantly increased sensitivity of the
ati3 and ubac2 mutant to the ER stress agent TM is consistent with the proposed role of ATI3 and
UBAC2 proteins in plant stress responses and stress-induced autophagy. However, future
experiments are needed to identify the specific targets of the ATI3- and UBAC2-mediated
autophagy pathway in the ER compartment, and to understand the regulation of the autophagy
pathway during plant stress responses.
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THE ER-LOCALIZED UBAC2 PROTEINS INTERACT
WITH PAMP-INDUCED COILDED-COIL AND REGULATE
PATHOGEN-INDUCED CALLOSE DEPOSITION IN PLANT
IMMUNE RESPONSES

This chapter is a minor modification of a manuscript under the same title.

3.1

Abstract

Pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) is initiated upon
recognition of PAMPs by pattern recognition receptors (PRRs), which is then transmitted through
a complex signaling cascade including changes of the phosphorylation status of regulators and
enzymes, ultimately leading to the production of a variety of signaling and antimicrobial molecules
such as reactive oxygen species (ROS) and callose deposition. Here, we report that mutants for
two Arabidopsis genes encoding close homologs of UBIQUITIN-ASSOCIATED DOMAINCONTAING PROTEIN 2 (UBAC2), a conserved component of endoplasmic reticulum (ER)
protein quality control (ERQC), were compromised in PTI based on their hypersusceptibility to a
type III secretion system-deficient strain of the bacterial pathogen Pseudomonas syringae. The
ubac2 mutants were normal in the biogenesis of PRRs, activation of MAPKs, production of ROS
and PTI-associated gene expression. Pathogen- and PAMP-induced callose deposition, however,
was compromised in the ubac2 mutants. UBAC2 proteins interact with plant-specific long coiledcoil protein PAMP-induced Coiled Coil (PICC), whose mutants were also compromised in PTI
and callose deposition. Compromised callose deposition in both the ubac2 and picc mutants was
associated with reduced biogenesis of PMR4 callose synthase responsible for pathogen-induced
callose synthesis. Constitutive overexpression of PMR4 restored callose synthesis and PTI in both
the ubac2 and picc mutants. These results indicate that UBAC2 and PICC are components of a
specific ERQC pathway with a critical role in PMR4 accumulation and callose deposition in plant
innate immunity.
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3.2

Introduction

As sessile organisms, plants are subjected to a constant risk of infection by a wide range of
pathogenic microorganisms, and through evolution have developed a complex immune system to
protect themselves (Jones and Dangl, 2006). Upon recognition of pathogen-associated molecular
patterns (PAMPs) such as bacterial flagellin by pattern-recognition receptors (PRRs), early plant
defense mechanisms are triggered, which include a set of rapid responses such as a burst of reactive
oxygen species (ROS), activation of mitogen-activated protein kinases (MAPKs), increased
callose deposition and defense gene expression (Pitzschke et al., 2009). Pathogens can deliver
effectors to plant cells to suppress PAMP-triggered immunity (PTI) but some of the effectors may
be recognized by plant resistance (R) proteins and activate ETI (Jones and Dangl, 2006). ETI is a
strong defense response often manifested as hypersensitive responses associated with rapid
programmed cell death (Jones and Dangl, 2006) and increased accumulation of salicylic acid (SA)
not only in local infected cells but also distant uninfected tissues to establish systemic acquired
resistance (Durrant and Dong, 2004).

Many proteins involved in plant immune responses are secretory and membrane proteins that are
synthesized on the endoplasmic reticulum (ER) and enter the secretory pathway to reach the
plasma membrane and extracellular destinations (Gu et al., 2017). These proteins include the
plasma membrane-localized PRRs and defense proteins such as pathogenesis-related (PR) proteins.
These secretory and membrane proteins are co-translationally imported into the ER after their
synthesis on the ER and undergo an elaborate ER quality control (ERQC) system for proper folding
and modification (Araki and Nagata, 2011). Those terminally misfolded ER polypeptides are
eliminated through ER-associated degradation (ERAD) or autophagy. Studies in yeast and
mammals have shown several systems in the ERQC. First, the ER relies on the luminal binding
immunoglobulin protein (BiP), one of the most abundant ER chaperones that functions together
with the Hsp40 family proteins as co-chaperones and serve multiple roles in the ER ranging from
productive folding to ERAD (Araki and Nagata, 2011). Another important maturation step of ER
proteins in the ER is the formation of disulfide bonds catalyzed by protein disulfide isomerases
(PDIs) and other thiol oxidoreductases that promote protein function and stability (Araki and
Nagata, 2011). The best-studied system of ERQC is the so-called calnexin/calreticulin (CNX/CRT)
cycle (Araki and Nagata, 2011). In this system, polypeptides entering the ER are first modified
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by attachment of a preformed oligosaccharide to asparagine (N) side chains in Asn-Xxx-Ser/Thr
sequons, which is subsequently modified to generate a monoglucosylated oligosaccharide. These
N-glycans are recognized by ER lectin-like chaperones CNX and CRT to promote their proper
folding. After release from CNX/CRT, and trimming of their innermost glucose residue by
glucosidase

II,

client

glycoproteins

are

delivered

to

UDP-glucose:

glycoprotein

glucosyltransferase (UGGT), which senses the folding state of released glycoproteins. If the
glycoproteins do not achieve the correct conformation, UGGT reglucosylates the N-glycan again
to be reengaged by CNX/CRT. UGGT is inactive against correctly folded proteins so they are
released from the CNX/CRT cycle and transported to their destinations (Araki and Nagata, 2011).

In Arabidopsis, a number of studies have shown that specific ERQC components are required for
biogenesis of EFR, a PRR that recognizes bacterial EF-Tu (Li et al., 2009; Nekrasov et al., 2009;
von Numers et al., 2010). These ERQC components include CRT3, UGGT, a homolog of the
glucosidase II -subunit, ERD2d (a homolog of yeast and mammalian HDEL receptor ERD2 for
retaining proteins in the ER lumen), SDF2 (a subunit of the Hsp40/BiP complex), and STTa (a
catalytic subunit of the oligosaccharyltransferase complex for co-translational N-glycosylation)
(Li et al., 2009; Nekrasov et al., 2009; von Numers et al., 2010). Interestingly, in the mutants for
these specific ERQC components, the biogenesis and function of FLS2, which belongs to the same
subfamily of PRRs, are normal (Li et al., 2009; Nekrasov et al., 2009; von Numers et al., 2010).
Arabidopsis ERQC components UGGT and STT3a are also required for activation of defense
responses in bak1-interacting receptor-like kinase 1,1 (bir1-1) mutant plants (Zhang et al., 2015a).
In rice, ERQC component SDF2 is copurified with the rice XA21 immune receptor and required
for XA21-mediated immunity (Park et al., 2013). In addition, upregulation of both the ERassociated protein folding/modification machinery and the secretory pathway are required for SA
and Non-expresser of pathogenesis-related genes 1 (NPR1)-mediated induction of defense genes
during the establishment of SAR (Wang et al., 2005).
Callose is a -(1,3)-D-glucan polymer normally found in sieve plates, pollen tubes,
microsporocytes, cell plates and plasmodesmata (Ellinger and Voigt, 2014). In addition, pathogen
infection can trigger callose deposition (Ellinger and Voigt, 2014; Voigt, 2016). In the interactions
between plants and many filamentous pathogens, the spores of the pathogens first germinate on
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the leaf surface and develop infection pegs to invade the epidermal cells, which can induce a range
of plant defense responses including the formation of local cell wall appositions (papillae) at the
sites of pathogen attack (Collins et al., 2003; Assaad et al., 2004; Schulze-Lefert, 2004). Callose
is a major component of the papillae (Ellinger and Voigt, 2014). In Arabidopsis, callose deposition
is also triggered by PAMPs such as the fungal cell wall component chitosan and bacterial flagellin
epitope flg22 from Pseudomonas syringae (Gomez-Gomez et al., 1999; Iriti and Faoro, 2009). It
has been proposed that callose polymers can reinforce the cell wall structure at the site of infection
to restrict the ingression of pathogen-secreted cell wall-degrading enzymes (Stone, 1992). The
proposed role of callose deposition in plant immune responses is supported by its inhibition by
defense-suppressing virulence effectors (Hauck et al., 2003).

In Arabidopsis, pathogen or PAMP-induced callose deposition is dependent on the PMR4 callose
synthase (Jacobs et al., 2003). The Arabidopsis pmr4 mutant supports 20-fold more growth than
wild-type (WT) plants of a strain of P. syringae that is deficient in the type III secretion system
(Kim et al., 2005). Overexpression of PMR4 in transgenic Arabidopsis plants confers complete
restriction to penetration by the powdery mildew fungal pathogen (Ellinger et al., 2013), further
supporting a critical role of callose deposition in plant disease resistance. Intriguingly, mutation
of PMR4 also resulted in increased resistance to powdery mildew fungal pathogens in association
with hyper-activation of SA signaling (Nishimura et al., 2003).

This finding indicates an

unexpected role of PMR4-dependent callose deposition in suppression of SA-mediated defense
responses. Therefore, the roles of PMR4-dependent callose deposition in plant defense against
pathogen invasion appear to be quite complex. In addition, there is very limited information about
the regulatory mechanisms for pathogen-induced, PMR4-dependent callose deposition.

In

uninfected PMR4-overexpression lines, no increase in the callose synthase activity or callose
deposition was observed (Ellinger et al., 2013). In yeast, activation and translocation of callose
synthases involve GTPases (Qadota et al., 1996; Calonge et al., 2003). In Arabidopsis, PMR4
interacts with GTPase RabA4c (Ellinger et al., 2014). Similar to PMR4 overexpression, RabA4c
overexpression leads to complete penetration resistance to the virulent powdery mildew fungal
pathogen in a PMR4-dependent manner (Ellinger et al., 2014). By contrast, overexpression of a
dominant negative form of RabA4c fails to increase callose deposition or penetration resistance
(Ellinger et al., 2014). These results indicate that the RabA4c GTPase plays a critical role in the
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activation and translocation of PMR4 during pathogen-induced callose deposition. As a
transmembrane protein synthesized on the ER, PMR4 is likely subjected to additional regulatory
mechanisms for its biogenesis, trafficking and activation to ensure biosynthesis of callose in a
timely manner.

In the present study, we report that two Arabidopsis genes encoding close homologs of
UBIQUITIN-ASSOCIATED DOMAIN-CONTAINING PROTEIN 2 (UBAC2), a conserved ER
protein implicated in ERQC, play a critical role in PTI based on the hyper-susceptibility of the
ubac2 mutants to a type III secretion system-deficient strain of the bacterial pathogen P. syringae.
Despite the compromised PTI, the ubac2 mutants were normal in the biogenesis of PRRs,
activation of MAPKs, production of ROS and PTI-associated gene expression. The evolutionarily
conserved UBAC2 proteins interact with plant-specific long coiled-coil protein PAMP-INDUCED
COILED COIL (PICC), whose mutants were also compromised in PTI but normal in associated
signaling and defense gene expression.

Both the ubac2 and picc mutants, however, were

compromised in pathogen- and PAMP-induced callose deposition.

Compromised callose

deposition in the ubac2 and picc mutants was associated with reduced biogenesis of PMR4 callose
synthase responsible for pathogen-induced callose synthesis. Constitutive overexpression of
PMR4 restored callose synthesis and PTI in both the ubac2 and picc mutants. Based on these
results, we propose that UBAC2 and PICC are components of a novel ERQC pathway that plays
a critical role in PMR4 accumulation and callose deposition in plant innate immunity.

3.3

Materials And Methods

3.3.1 Arabidopsis genotypes and plant growth conditions

The Arabidopsis mutants and wild type plants used in the study are all in the Col-0 background.
The uba2a-1, uba2a-2, and uba2b-1 mutants have been previously described (Zhou et al., 2018).
Homozygous picc1-1 (Salk_205507C), picc1-2 (WiscDsLox447A08 (CS856291)), fls2-2
(Salk_062054), efr1-1 (Salk_044334), mpk3 (Salk_151594) and mpk6 (Salk_062471) mutants
were identified by PCR using primers flanking the T-DNA insertions listed in Table 3-1. The
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pmr4-1 (CS3858) mutant has been previously described (Nishimura et al., 2003). Arabidopsis and
N. benthamiana plants were grown in growth chambers at 22°C, 120 µE m-2s-1 light on a
photoperiod of 12-hour light and 12-hour dark.

Table 3.1 Primers for screening of T-DNA insertion mutations
MUTANT

PRIMERS
FORWARD

REVERSE

picc1-1

gcagcagaagaagccaaatc

tcctgtaagccagcagcttt

picc1-2

gcagcagaagaagccaaatc

tcctgtaagccagcagcttt

efr1-1

aggagatgcatgcaagtgac

tagggggttgtctttcgatg

fls2-2

cgggaaaataccagaatgctt

tagatccgccgggagctca

mpk3

gtgcagttgaacaagctctg

tagacaactcacggcgacag

mpk6

gctgatgcaaaattgtttagg

gaagagtggcttacggtcca

3.3.2 Plasmid construction and Generation of transgenic Arabidopsis plants
The FLS2- and EFR-YFP constructs have been previously described (Trempel et al., 2016). To
generate myc-tagged wild type and mutant UBAC2a genes for overexpression in Arabidopsis, we
first amplified the UBAC2a coding sequence using a pair of UBAC2a-specific primers (5’agcgtcgacatgaacggcggtccctcc-3’ and 5’-agcttaattaagtgggactgtgcttcgagaagga-3’). To introduce the
double mutation into the wild type UBAC2a gene to generate UBAC2a M262A L288A, several
steps were used. First, single mutation was introduced into the wild type gene using overlapping
PCR, the primers were: 5’-agcgtcgacatgaacggcggtccctcc-3’, 5’- atcccgctgataccaatgtagttatggctt-3’,
5’-aagccataactacattggtatcagcgggat-3’, 5’- agcttaattaagtgggactgtgcttcgagaagga-3’. Then another
mutation was introduced using another pair of primers: 5’-agcgaattcatgaacggcggtccctcc-3’ and 5’agcgtcgacttagtgggactgtgcttcggcaaggatgt-3’. The resulting constructs were introduced into
Agrobacterium tumefaciens (strain GV3101) and transformed into Arabidopsis by floral dip
method (Clough and Bent, 1998). Transformants were identified by basta resistance and
expression of the transgenes was analyzed by immunoblotting using an anti-myc monoclonal
antibody (Sigma-Aldrich).
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To generate mCherry-tagged PICC gene for overexpression in Arabidopsis, we first amplified
PICC

coding

sequence

using

a

pair

of

PICC-specific

primers

(5’-

agcggatccatggaagaagcaactcaagtaacg-3’ and 5’-atctctagattaatactttctcccaagaattataccg-3’). The
amplified PICC fragment was fused with a mCherry tag sequence behind the CaMV 35S promoter
in a modified pCAMBIA1300 plant transformation vector. The resulting constructs were
transformed into Arabidopsis as described above (Clough and Bent, 1998). Transformants were
identified by basta resistance and expression of the transgenes was analyzed by confocal imaging.

To generate PMR4-GFP for overexpression in Arabidopsis, the N-terminal half was amplified
using gene-specific primers (5’-agcgtcgacatgagcctccgccaccgca-3’ and 5’-ccgtctcgcctctagattca-3’)
and then fused with a GFP tag sequence behind the CaMV 35S promoter in a modified
pCAMBIA1300 plant transformation vector. The C-terminal half was then amplified using gene
specific primers (5’-acagcgtccctgtgaatcta-3’ and 5’- agcttaattaagacatcgccttttgatttcttc-3’). The
resulting constructs were transformed into Arabidopsis as described above (Clough and Bent,
1998). Transformants were identified by basta resistance and expression of the transgenes was
analyzed by confocal imaging.

3.3.3 Pathogen Inoculation

Bacterial inoculation by leaf infiltration was performed as previously described (Zheng et al.,
2009). Inoculated leaves were homogenized in 10mM MgCl2 and diluted before plating on King’s
B Agar with appropriate antibiotics. Colony-forming units were determined 2-3 days after bacteria
growth at room temperature. For determining PAMP-induced disease resistance, Arabidopsis
leaves were first infiltrated with H2O or 1µM flg22 and PstDC3000 inoculation was performed
one day after the pretreatment.
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3.3.4 Preparation and Transfection of Leaf Protoplasts

Biogenesis of PRRs FLS2 and EFR was analyzed in Arabidopsis leaf protoplasts. Leaf protoplasts
were prepared using the Tape-Arabidopsis-Sandwich procedure (Wu et al., 2009). Approximately
5x104 protoplasts were used in transfection using 20 ug of FLS2-YFP and EFR-YFP plasmid DNA.
YFP signals were observed with confocal fluorescence microscopy using a Leica confocal
microscope (excitation 514 nm, emission 525-555 nm).

3.3.5 MAP Kinase Assay

Arabidopsis seedlings (14-days old) were treated with H2O, 100 nM elf18 or flg22. Proteins were
extracted from the treated seedlings and separated by SDS/PAGE. The separated proteins were
blotted onto PVDF membrane (BioRad) and the activated MAP kinases were detected using an
anti-p42/44 MAPK monoclonal antibody (Cell Signaling Technology).

3.3.6 ROS Assays

Twelve leaf discs (4 mm diameter) cut from four 3-4-week-old plants were collected and floated
overnight on sterile H2O in a white 96-well plate. The leaf discs were then treated with 1 uM elf18
or flg22 in a solution containing 17 mg/ml (w/v) luminol (Sigma) and 10 mg/ml horseradish
peroxidase (Sigma). Luminescence was captured using an infinite M200 PRO multimode plate
reader (TECAN).

3.3.7 PAMP-Induced Defense Gene Induction

Arabidopsis seedlings were treated with H2O, 100 nM flg22 or elf18 for 30min. Total RNA was
extracted using the RNeasy Plant Mini kit (Qiagen) followed by DNase-treatment with Turbo
DNA-free. RNA was quantified with a Nanodrop spectrophotometer (Thermo scientific). cDNA
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was synthesized from 2.5 μg total RNA using SuperScript III reverse transcriptase (Invitrogen).
Transcript levels of two PTI-associated genes were determined by RT-qPCR using gene-specific
primers: WRKY33 (5’- gctgctattgctggtcactcc-3’ and 5’-ggtctcctcgtttggttcttcc -3’), CYP81F2 (5’gcccgagaagtttatgcctgag -3’ and 5’- caacgaacctaaagccaacaatacc -3’) with ACTIN2 as an internal
control.

3.3.8 Seedling Growth Inhibition

A seedling growth inhibition assay was performed as described (Schwessinger et al., 2011). Briefly,
fresh harvested seeds were surface sterilized, sown on ½ MS plate, and stratified for two days at
4 °C in the dark. Five-day old Arabidopsis seedlings were transferred into liquid ½ MS medium
with or without flg22 or elf18 and incubated for another eight days before measuring seedling
fresh weight. The weight of six replicates per treatment was measured for analysis.

3.3.9 Analysis of Callose Deposition

Analysis of pathogen/PAMP-induced callose deposition was performed as previously described
with minor modifications (Kulich et al., 2015). Briefly, leaves of 5-week-old Arabidopsis plants
were inﬁltrated with either 5x107 cfu/mL PstDC3000 hrcC, 1 uM ﬂg22, or elf18 and leaf discs
were taken 16 hours after the infiltration. The leaf discs were cleared overnight by incubation in
1:3 acetic acid/ethanol at room temperature and then washed in 150 mM K2HPO4, pH 9.5. Cleared
leaves were stained in a solution containing 0.01% aniline blue (Sigma-Aldrich) in 150 mM
K2HPO4, pH 9.5 in the dark for at least 30 minutes before being mounted in 50% glycerol. Pictures
were taken with Nikon eclipse E800 epifluorescence microscopy and callose deposits were
quantified from more than 10 microscopic fields (125x100 um) per treatment per genotype.
Callose deposits were counted using the “analyze particles” function of ImageJ.
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3.3.10 Yeast Two-Hybrid Screen and Assays

A Gal4-based yeast-two-hybrid system was utilized for identification of UBAC2a-interacting
proteins, as described previously (Zhou et al., 2018). Briefly, full-length UBAC2a coding sequence
was PCR-amplified using gene-specific primers (5’-agcgaattcatgaacggcggtccctcc-3’ and 5’agcgtcgacttagtttctgtcgaatcccatt-3’) and cloned into pBD-GAL4 vector to generate the bait vector.
The Arabidopsis HybridZAP-2.1 two-hybrid cDNA library, which was prepared from Arabidopsis
plants, has been described previously (Zhou et al., 2018). The bait plasmid and the cDNA library
were used to transform yeast strain YRG-2. Yeast transformants were plated onto selection
medium lacking Trp, Leu, His and confirmed by β-galactosidase activity assays using ONPG (onitrophenyl-β-D-galactopyranoside) as substrate.

3.3.11 BiFC Assays

The full-length UBAC2a and PICC coding sequences were PCR-amplified using gene-specific
primers (UBAC2a: 5’-agcgagctcatgaacggcggtccctcc-3’ and 5’-agctctagagtgggactgtgcttcgaga-3’;
PICC: 5’-agcggatccatggaagaagcaactcaagtaacg-3’ and 5’-atctctagaatactttctcccaagaattataccg-3’)
and cloned into pFGC-C-YFP and pFGC-N-YFP, respectively. The plasmids were introduced into
A. tumefaciens (strain GV3101) and infiltration into N. benthamiana as described previously (Zhou
et al., 2018). BiFC fluorescent signals in infected tissues were analyzed 24 hours after infiltration
with a Zeiss LSM710 confocal microscope.

3.3.12 Confocal Fluorescence Microscopy

Transgenic mCherry-PICC, PMR4-GFP Arabidopsis plants were used. Imaging of GFP and
mCherry signals was performed with standard confocal laser microscopy with appropriate filter
sets: GFP (excitation 488 nm, emission 500-550 nm) and mCherry (excitation 561 nm, emission
570-620 nm).
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3.4

Results

3.4.1 The ubac2a ubac2b Double Mutants are Defective in PTI

We have previously reported that the mutants for the two close Arabidopsis homologs of UBAC2
are compromised in heat tolerance and resistance to the necrotrophic pathogen Botrytis cinerea.
To further analyze the roles of the evolutionarily conserved proteins, we analyzed the ubac2
mutants for response to a virulent strain of the bacterial pathogen Pseudomonas syringae DC3000
(PstDC3000). As shown in Figure 3.1, the ubac2a and ubac2b single and double mutants
responded normally to the virulent bacterial strain based on both symptom development and
bacterial growth, which were similar to those in wild-type (WT) plants. Thus, the ubac2 mutants
have normal basal immunity against the virulent bacterial pathogen. We then compared the ubac2
mutants with WT for response to the PstDC3000 hrcc mutant strain deficient in type III secretion.
As shown in Figure 1, after infiltration with the suspension of the mutant bacterial strain at 2 x105
cfu/ml, there was approximately a 5-fold increase in the bacterial population in the ubac2a and
ubac2b single mutants and approximately a 10 to 20-fold increase in the ubac2a/ubac2b double
mutant when compared to those in WT. Resistance of the ubac2a/2b double mutant plants to
PstDC3000 hrcC was restored by transformation of the mutant with a UBAC2b gene (Figure 3.1B).
Thus, the two close UBAC2 genes have a critical and partially redundantly role in PTI.

Figure 3.1 The ubac2 mutants are compromised in PTI.
A. Growth of virulent PstDC3000. B. Growth of type III secretion-deficient PstDC3000(hrcC).
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WT and ubac2 mutant plants were infiltrated with a suspension of PstDC3000 or PstDC3000(hrcC)
(OD600=0.0002 in 10 mM MgCl2). Leaf samples were taken at 0 or 4 days post inoculation (dpi)
to determine bacterial growth. Means and SE were calculated from 10 plants for each treatment.

To further analyze the role of the UBAC2 genes in PTI, we compared WT and ubac2a/2b double
mutants for induction of disease resistance by the bacterial PAMP flagellin-derived flg22. WT
and ubac2a/2b double mutant plants were pretreated by leaf infiltration with H2O or 1 uM flg22.
After 24 hours, leaves were infected with 105 cfu/ml PstDC3000. Bacterial growth was assessed
40h after infection. As shown in Figure 3.2, flg22 treatment led to increased resistance to
PstDC3000 in WT plants as indicated by more than 40-fold reduction in bacterial growth when
compared to those from water-pretreated WT plants. By contrast, flg22 treatment of the ubac2a/2b
double mutants led to only about 8-fold reduction in the growth of PstDC3000 (Figure 3.2). These
results confirmed that the ubac2a/2b double mutant plants were compromised in PAMP-induced
immunity.

Figure 3.2 The ubac2 mutants are compromised in flg22-induced disease resistance.
Col-0 and ubac2a/2b double mutant plants were pretreated by leaf infiltration with H2O or 1 uM
flg22. After 24 hours, leaves are infiltrated with virulent PstDC3000 (OD600=0.0002 in 10 mM
MgCl2). Bacterial growth was assessed 40 hours after infection. Means and SE were calculated
from 10 plants for each treatment.
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3.4.2 The ubac2a ubac2b double Mutants are Normal in Biogenesis and signaling of PRRs

To determine the molecular and cellular basis of the defective PTI of the ubac2 double mutants,
we investigated the biogenesis and signaling of FLS2 and EFR, two PRRs that recognize flg22
and elf18, respectively, leading to activation of PTI. To compare biogenesis of FLS2 and EFR,
we prepared protoplasts from leaf mesophyll cells of Col-0 WT and the ubac2 double mutant and
transfected them with plasmid DNA of the FLS2- and EFR-GFP constructs. As shown in Figure
3.3A, we observed similar levels and patterns of the GFP fluorescence signals in WT and ubac2
mutant protoplasts transfected with the FLS2- and EFR-GFP constructs. Thus, the biogenesis of
the two PRRs appeared to be unaffected by the mutations of the UBAC2 genes. Consistent with
the normal biogenesis of the PRRs, we observed that the ubac2 double mutants were also normal
in the activation of MAPK3 and MAPK6 in responses to flg22 and elf18 treatment. Likewise,
flg22- and elf18-oxidative burst and induction of two PTI marker genes, WRKY33 and CYP81F2,
were also largely normal in the ubac2 double mutants when compared to those in WT. These
results indicate that the biogenesis and signaling of FLS2 and EFR are not altered in the ubac2
mutant plants. This conclusion is consistent with the observation that both flg22 and elf18 were
capable of inhibiting the growth of WT and ubac2a/2b mutant seedlings to similar extents (Figure
3.4).

84

Figure 3.3 The ubac2 double mutants are normal in Biogenesis and signaling of PRRs, MAPK
activation, ROS burst and defense gene induction.
A. Accumulation and subcellular localization of FLS2-YFP and EFR-YFP. Leaf protoplasts were
prepared from Col-0 wild type and the ubac2 double mutant and transfected with the FLS2-YFP
and EFR-YFP plasmid DNA. The levels and subcellular localization of the YFP signals in
transfected protoplasts were observed 12 hours later by confocal fluorescence microscopy. The
black fields were also shown. Bar=10 um. B. MAPK activation in WT and ubac2 seedlings upon
application of 100 nM flg22 and 100 nM elf18 for the indicated times. Positions of active MPK3，
MPK4 and MPK6 forms are indicated. C. Oxidative burst. Leaf discs from 3- to 4- weeks-old
Arabidopsis plants were treated with 1 uM elf18 or flg22 and ROS levels at indicated times of
treatment were measured in relative luminescence units (RLU) in leaf discs. Results were shown
as means and SE calculated from 12 leaf discs for each treatment at each time point. D. Induction
of WRKY33 and CYP81F2. Two-weeks-old Arabidopsis seedlings were treated with 100 nM flg22
or elf18 for 30 minutes and the transcript levels of the PTI genes were determined by RT-qPCR
using gene-specific primers. Means and SE were calculated from three replicates.
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Figure 3.4 PAMP inhibition of Arabidopsis seedling growth.
A. Growth inhibition of WT, ubac2a/2b, picc, pmr4 and fls2 seedlings by flg22. B. Growth
inhibition of WT, ubac2a/2b, picc, pmr4 and efr1 seedlings by elf18. Five-day-old seedlings
were transferred into liquid ½ MS medium with or without the indicated amount of peptide and
incubated for eight days. Means and SE of relative dry weights were calculated from six
replicates per treatment.

3.4.3 The ubac2a ubac2b double Mutants are Defective in Pathogen-induced Callose
Deposition

Despite the normal biogenesis and signaling of FLS2 and EFR, the ubac2a/2b double mutants
were defective in pathogen-induced callose deposition. As shown in Figure 3.5, at 16 hours after
inoculation with PstDC3000(hrcC), there was a >30-fold induction in the callose deposits in the
inoculated leaves of WT plants but only 5- to 6-fold induction in the ubac2a/2b double mutants.
The ubac2a/2b double mutants were also compromised in flg22- and elf18-induced callose
deposition (Figure 3.5C and 3.5D). At 16 hours after infiltration with 1 uM flg22 or elf18, callose
deposition in the infiltrated leaf samples was induced by more than 20-fold in WT over the H2Oinfiltrated control leaves (Figure 3.5C and 3.5D). By contrast, only a 3- to 4-fold induction was
observed in the leaves of the ubac2a/2b double mutant plants after being infiltrated with the same
concentration of flg22 and elf18 (Figure 3.5C and 3.5D).
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Figure 3.5 The ubac2a/2b double mutants are compromised in pathogen-and PAMP-induced
callose deposition.A. Callose deposition triggered by PstDC3000 (hrcC). Five-weeks-old
Arabidopsis plants were infiltrated with 10mM MgCl2 or 5x107 cfu/mL PstDC3000 (hrcC).
Callose deposition was assayed at 16 hours after infiltration. B. Callose deposits triggered by
PstDC3000 (hrcC). C. Callose deposits triggered by 1 uM flg22 for 16 hours. D. Callose
deposits triggered by 1 uM elf18 for 16 hours. Means and SE of callose deposits were calculated
from more than 10 125x100 um microscopic fields per treatment per genotype.
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3.4.4 A critical role of the UBA domain of UBAC2 protein in PTI
UBAC2 proteins contain a conserved UBA domain at their C-terminus (Christianson et al., 2012;
Zhou et al., 2018). To determine the role of the UBA domain of Arabidopsis UBAC2 proteins in
plant PTI, we generated a mutant UBAC2a in which two conserved residues in its UBA domain
(M262 and L288) required for ubiquitin binding were changed to alanine residues. These changes
in UBA domains have been previously shown to abolish ubiquitin binding (Kozlov et al., 2007).
Genes encoding WT UBAC2a and mutant UBAC2aM262A/L288A proteins were then
transformed into the ubac2a/2b double mutant plants and the resulting transgenic plants were
tested for PTI and callose deposition. As shown in Figure 3.6, transformation of the ubac2a/2b
double mutant with the WT UBAC2a gene completely restored PTI and flg22-induced callose
deposition. The complete restoration of the ubac2a/2b double mutant by the the WT UBAC2a
gene likely resulted from overexpression of the UBAC2a gene, which offseted the lost UBAC2b
gene in the double mutants. By contrast, transformation with the gene encoding the mutant
UBAC2aM262A/L288A protein failed to restore PTI and flg22-induced callose deposition in the
ubac2a/2b double mutant plants (Figure 3.6). These results indicate that the C-terminal UBA
domain of the UBAC2 proteins is critical for their role in PTI and pathogen-induced callose
deposition.

Figure 3.6 The UBA domain of UBAC2a is required for its role in PTI.
A. Growth of type III secretion-deficient PstDC3000 (hrcC). B. Callose deposition triggered by
flg22. WT, ubac2a/2b mutant and ubac2a/2b mutant complemented with WT UBAC2a gene or
the mutant gene encoding UBAC2aM262A/L288A were infiltrated with a suspension of
PstDC3000(hrcC) (OD600=0.0002 in 10 mM MgCl2). Two independent complementation lines
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for WT UBAC2a gene (L3 and L6) and for the UBAC2aM262A/L288A mutant gene (L12 and L15)
were used for the assays. Leaf samples were taken at 0 or 4 days post inoculation (dpi) to determine
bacterial growth. Means and SE were calculated from 10 plants for each treatment. These plants
were also treated with 1 uM flg22 to determine the callose depositon.

3.4.5 Overexpression of PMR4 rescues the ubac2 double mutant
In Arabidopsis, PMR4 callose synthase is responsible for pathogen-induced callose deposition
(Jacobs et al., 2003; Nishimura et al., 2003). As a transmembrane protein, PMR4 is synthesized
on the ER and transported to the plasma membrane for synthesis of callose that is deposited at the
plasma membrane and cell wall interface in response to pathogen infection and wound stresses.
Since the ubac2 mutants are compromised in both PTI and pathogen-induced callose deposition,
we tested whether these phenotypes of the ubac2a/2b mutants could be rescued by PMR4
overexpression. The full-length PMR4 coding sequence was cloned and transformed into the
ubac2a/2b double mutant plants under control of the CaMV 35S promoter. Three independent
transgenic ubac2a/2b mutant lines with increased PMR4 transcript levels were compared with WT
and ubac2a/2b for both PTI and pathogen-induced callose deposition. As shown in Figure 3.7A,
overexpression of PMR4 completely restored the PTI of the ubac2a/2b double mutant based on
the reduction in the growth of PstDC300 (hrcC) in the transgenic PMR4-overexpression lines.
Despite the constitutive PMR4 overexpression, callose deposition was not substantially elevated
in mock-inoculated transgenic plants but was restored to WT levels after pathogen infection
(Figure 3.7B).

These results implicated the role of PMR4 in the mutant phenotypes of

compromised PTI and callose deposition in the ubac2a/2b mutants.
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Figure 3.7 Overexpression of PMR4 restores PTI and pathogen-induced callose deposition in the
ubac2a/2b mutant. A. Growth of type III secretion-deficient PstDC3000(hrcC). WT, ubac2a/2b
mutant and ubac2a/2b mutant overexpressing PMR4 were infiltrated with PstDC3000(hrcC)
(OD600=0.0002 in 10 mM MgCl2). Leaf samples were taken at 0 or 4 days post inoculation (dpi)
to determine bacterial growth. Means and SE were calculated from 10 plants for each treatment.
B. Pathogen-induced callose deposition. Five-weeks-old Arabidopsis plants were infiltrated with
10 mM MgCl2 (mock) or 5x107 cfu/mL Pst DC3000 (hrcC). Callose deposition were assayed at
16 hours after infiltration. Means and SE of callose deposits were calculated from more than 10
125x100 um microscopic fields per treatment per genotype. Three independent overexpression
lines (L1 to L3) were used for the analysis.

3.4.6 Interaction of UBAC2 with PICC
To gain insights into the action of UBAC2 proteins in PTI, we tried to identify UBAC2-interacting
proteins using Gal4-based yeast two-hybrid screens with UBAC2a as bait. After screening 5x106
independent transformants of an Arabidopsis cDNA prey library, we isolated 10 positive clones
based on both prototrophy for His and LacZ reporter gene expression through assays of βgalactosidase activity. Two positive clones identified from the screens encode the plant-specific
PICC protein (At2g32240), a large protein (147 kDa) that consists of a long coiled-coil domain
with a predicted transmembrane domain at the C-terminus (Venkatakrishnan et al., 2013) (Figure
3.8A). Like UBAC2 proteins, PICC is located at the ER (Venkatakrishnan et al., 2013).

To determine whether UBAC2 and PICC interact in plant cells, we performed BiFC in
Agrobacterium-infiltrated tobacco. We fused Arabidopsis UBAC2a to the C-terminal yellow
fluorescent protein (YFP) fragment (UBAC2a-C-YFP) and co-expressed it with PICC-N-YFP in
tobacco leaves. BiFC signals were detected in transformed cells as a reticulum network pattern
characteristic of that of the ER (Figure 3.8B). Control experiments in which UBAC2a-C-YFP was
coexpressed with unfused N-YFP or unfused C-YFP was coexpressed with PICC-N-YFP did not
show fluorescence (Figure 3.8B).

When the Arabidopsis LIP5, a positive regulator of

multivesicular body biogenesis (Wang et al., 2014), was fused to the N-terminal YFP (LIP5-NYFP) and coexpressed with UBAC2a-C-YFP, no BIFC signal was observed (Figure 3.8B).
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Similar results with UBAC2b were also obtained for interaction with PICC in plant cells (data not
shown). Thus, Arabidopsis UBAC2 and PICC interact and form complexes at the ER.

Figure 3.8 UBAC2 interacts with PICC in yeast cells and in the plant.
A. Interaction of UBAC2a and PICC proteins in yeast cells. The Gal4 DNA binding domain vector
(bait) with or without (-) a fused UBAC2a gene were cotransformed with the activation domain
vector (prey) with or without (-) fused PICC gene into yeast cells and the transformed cells were
grown in the selection medium with (+) or without (-) histidine.
B. Fluorescence was observed in the transformed Nicotiana benthamiana leaf epidermal cells
from complementation of the N-terminal part of the YFP fused with PICC (PICC-N-YFP) by the
C-terminal part of the YFP fused with UBAC2a (UBAC2a-C-YFP). No fluorescence was observed
when PICC-N-YFP was coexpressed with unfused C-YFP or when unfused N-YFP was
coexpressed with UBAC2a-C-YFP. YFP epifluorescence images, bright-field images and overlay
images of the same cells are shown, scale bar is 10um.

3.4.7 The picc mutants were compromised in callose deposition and PTI
The role of PICC in plant immunity has been previously characterized (Venkatakrishnan et al.,
2013). PICC expression was induced by the bacterial PAMP flg22 (Venkatakrishnan et al., 2013).
Like ubac2 mutants, picc mutants were normal in response to the virulent strain of PstDC3000 but
were highly compromised in resistance to PstDC3000(hrcC) (Venkatakrishnan et al., 2013).
Furthermore, the picc mutants were normal in flg22-induced burst of ROS and PTI gene induction
despite their compromised PTI (Venkatakrishnan et al., 2013). There was no difference in
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pathogen-induced expression of MYB51 neither (Venkatakrishnan et al., 2013), which encodes a
PAMP-induced transcription factor essential for induced callose deposition at the sites of pathogen
attack (Clay et al., 2009). As a transcription factor, however, MYB51 likely plays a critical role
in pathogen-induced callose deposition through positive regulation of the transcription of genes
associated with callose biosynthesis and it is possible that PICC could control pathogen-induced
callose deposition post-transcriptionally given its localization in the ER and physical interaction
with UBAC2 proteins. To test these possibilities, we directly compared two picc knockout mutants
with the ubac2a/2b double mutants for phenotypes in disease resistance and in pathogen- and
PAMP-induced callose deposition. Like ubac2a/2b, the picc mutants were normal in response to
PstDC3000 but were highly compromised in resistance to PstDC3000(hrcC) based on the growth
of the bacterial strains (Figure 3.9A and 3.9B). Furthermore, flg22-induced resistance to the
virulent PstDC3000 was compromised to similar extents in the ubac2a/2b and picc mutants
(Figure 3.9C). Furthermore, callose deposition following infection by PstDC3000(hrcC) or
treatment with flg22 or elf18 was reduced in the picc mutants to similar extents as in the ubac2a/2b
double mutants (Figure 3.10). Thus, compromised PTI was associated with reduction in pathogeninduced callose deposition in both the ubac2 and picc mutants. Importantly, the compromised
phenotypes of the picc mutants in PTI and pathogen-induced callose deposition could also be
rescued by overexpression of PMR4, just like in the ubac2 double mutants (Figure 3.10).
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Figure 3.9 picc mutant is compromised in PTI.
(A) and (B) Growth of virulent PstDC3000 and type III secretion-deficient PstDC3000(hrcC). WT,
ubac2, picc and picc mutant plants overexpressing PMR4 were infiltrated with a suspension of
PstDC3000 or PstDC3000(hrcC) (OD600=0.0002 in 10 mM MgCl2). Leaf samples were taken at
0 or 4 days post inoculation (dpi) to determine bacterial growth. Means and SE were calculated
from 10 plants for each treatment. C. Arabidopsis plants were pretreated for 24h by leaf infiltration
with 1 uM flg22 or water, subsequently, leaves were infected with 105 cfu/mL Pst DC3000 and
bacterial growth was assessed 40h after infection. Means and SE were calculated from 10 plants
for each treatment.
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Figure 3.10 Compromised callose deposition of picc mutants and the restoration by PMR4
overexpression.
A. Callose deposition triggered by PstDC3000(hrcC). Five weeks old Arabidopsis plants were
infiltrated with 10mM MgCl2 (mock) or 5x107 cfu/mL Pst DC3000 (hrcC). Callose deposition
were assayed at 16 hours after infiltration. B. Callose deposition triggered by PstDC3000(hrcC).
C. Callose deposits triggered by 1 uM ﬂg22 for 16 hours. D. Callose deposits triggered by 1 uM
elf18 for 16 hours.
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3.4.8 Mutual Effects Between UBAC2 and PICC
Given their co-localization in the ER, their physical interaction and the strikingly similar
phenotypes of their respective mutants, it is likely that UBAC2 and PICC proteins act in the same
pathway either sequentially or coordinately in the ER. As homologs of a highly conserved protein
family implicated in ERQC and ERAD, UBAC2 proteins might regulate the synthesis and stability
of PICC or vice versa. To test this possibility, we first determined the effect of the disruption of
the UBAC2 genes on the accumulation of PICC. The full-length PICC coding sequence was cloned,
tagged with mCherry at its N-terminus and placed behind the CaMV 35S promoter in a plant
transformation vector. The mCherry-PICC expression construct was transformed into both WT
and ubac2a/2b double mutant plants and the transgenic lines were then examined for the levels of
the mCherry-PICC signals. Preliminary survey of the transgenic mCherry-PICC lines in WT and
ubac2a/2b mutant backgrounds failed to reveal a clear pattern of difference in the levels of
mCherry-PICC signals between the two genotypes. However, because the mCherry-PICC
transgene was integrated into different genome sites in different transgenic lines, the variability of
the transgene expression was substantial even among the lines in the same genetic background,
making the comparison difficult and unreliable. To avoid this problem, we generated WT and
ubac2 mutant plants that contain the same mCherry-PICC transgene integrated at the same genome
site. First, we introduced the mCherry-PICC transgene into the ubac2a/2b double mutant and
obtained homozygous lines expressing the mCherry-PICC transgene. These transgenic mCherryPICC lines in the ubac2a/2b background were then crossed with both WT and ubac2a/2b double
mutant to generate heterozygous (UBAC2/ubac2) and homozygous (ubac2/ubac2) progeny
harboring the same mCherry-PICC transgene, which were then compared for the levels of
mCherry-PICC signals. As shown in Figure 3.11A, the levels of mCherry-PICC signals were
similar in the ubac2a/2b heterozygous (+/-) and homozygous (-/-) progeny, indicating that
presence of functional UBAC2 genes had little effect on the accumulation of PICC proteins.
Furthermore, overexpression of PICC did not rescue the mutant phenotypes of the ubac2a/2b
mutant in PTI (Figure 3.11B) or flg22-induced callose deposition (Figure 3.11C). Using the same
approach, we also found that the disruption of PICC did not affect the accumulation of UBAC2a
and overexpression of UBAC2 in the picc mutant did not restore PTI and PAMP-induced callose
deposition in a picc mutant (Figure 3.12). Thus, UBAC2 and PICC proteins did not affect each
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other’s accumulation and both proteins were required for PTI and pathogen-induced callose
deposition.

Figure 3.11 Accumulation of PICC and Effect on PTI and flg22-induced callose deposition in
ubac2 mutant.
A. The leaves of one-week old plants were observed by confocal for imaging. B. Five-week-old
plants were infiltrated with hrcC, the titer was determined 4 days later. C. The rosette leaves of
five-week-old plants were infiltrated with 1uM flg22 and callose deposition was observed later.
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Figure 3.12 Effect of UBAC2a overexpression on PTI and flg22-induced callose deposition in the
picc mutant.
A. Growth of type III secretion-deficient Pst DC3000(hrcC). WT, picc mutant and transgenic picc
lines overexpressing UBAC2a-GFP were infiltrated with Pst DC3000 (hrcC). Leaf samples were
collected at 0 and 4 dpi for determining bacterial growth. Means and SE were calculated from 10
plants for each treatment. B. Flg22-induced callose deposition. WT, picc mutant and transgenic
picc lines overexpressing UBAC2a-GFP were treated were treated with H2O or 1 uM flg22. After
16 hours, callose deposits were determined. Means and SE of callose deposits were calculated
from more than 10 125x100 um microscopic fields per treatment per genotype.

3.4.9 Reduced biogenesis of PMR4 in the ubac2 and picc Mutants
The mutants for the UBAC2 and PICC proteins are compromised in both PTI and pathogeninduced callose deposition. Both phenotypes in PTI and callose deposition in the ubac2a/2b and
picc mutants could be rescued by overexpression of PMR4 callose synthase. Therefore,
compromised PTI and callose deposition in the ubac2a/2b and picc mutants likely resulted from
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reduced transcription of PMR4 or defects in the accumulation of the callose synthase protein.
Analysis with RT-qPCR revealed, however, that the transcript levels of PMR4 were normal in the
ubac2a/2b and picc mutants before or after pathogen infection. Therefore, we tested the effects of
the mutations of UBAC2 and PICC genes on the accumulation of PMR4 protein in plant cells. For
this purpose, we generated a PMR4-GFP construct and placed it in a plant transformation vector
under control of the PMR4 native promoter. However, we failed to reproducibly detect PMR4GFP signals even in the WT background after protoplast transfection or plant transformation with
or without pathogen infection or PAMP treatment, likely due to very low levels of PMR4-GFP
proteins produced under control of its native promoter. Therefore, we placed the PMR4-GFP
construct under control of the CaMV 35S promoter and introduced it into Arabidopsis plants. For
reliable comparison of the transgene expression among different genotypes, we again first
generated transgenic lines in the ubac2a/2b mutant backgrounds. Homozygous transgenic lines
were obtained and examined for PMR4-GFP signals. Independent lines with different levels of
PMR4-GFP transcripts and GFP signals were identified and crossed to both WT and the ubac2a/2b
mutant to generate transgenic progeny that differed in the zygosity for the ubac2a/2b mutations.
As shown in Figure 3.13A, the PMR4-GFP signals in the heterozygous UBAC2/ubac2 progeny
were substantially stronger than those in the homozygous ubac2/ubac2 progeny for all three
independent lines tested. For transgenic lines 1 and 2, which contained relatively high levels of
the PMR4-GFP transcripts, the PMR4-GFP signals consistent with a pattern of plasma membrane
localization were relatively strong in the heterozygous UBAC2/ubac2 progeny (Figure 3.13A). In
the homozygous ubac2/ubac2 progeny generated from lines 1 and 2, PMR4-GFP signals consistent
with a pattern of plasma membrane localization were relatively weak but still detectable (Figure
3.13A). Despite the reduced levels of PMR4-GFP signals in the homozygous ubac2/ubac2
progeny generated from lines 1 and 2, flg22-induced callose deposition was still completely
restored (Figure 3.13B). On the other hand, expression of the PMR4-GFP transgene was low in
line 3 based on RT-qPCR analysis. After crossing with WT and the ubac2 double mutant, only
weak PMR4-GFP signals were observed even in the heterozygous UBAC2/ubac2 progeny but they
were not detectable in the homozygous ubac2/ubac2 progeny (Figure 3.13A). Importantly, flg22induced callose deposition was not restored in the homozygous ubac2/ubac2 progeny from line 3
(Figure 3.13B). Therefore, mutations of UBAC2 genes reduced PMR4-GFP accumulation in all
three transgenic lines regardless of the expression levels of the PMR4-GFP transgene. In the high
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expressor lines 1 and 2, reduced levels of PMR4-GFP were still sufficient to confer flg22-induced
callose deposition at high levels in the ubac2 genetic background. In the low expressor line 3, on
the other hand, the levels of PMR4-GFP were apparently too low to restore PAMP-inducible
callose deposition in the ubac2 mutant background.

Using the same approach, we examined the role of PICC in the accumulation of PMR4 through
comparison of the PMR4-GFP signals in the heterozygous PICC/picc and homozygous picc/picc
lines containing the same PMR4-GFP transgene integrated at the same genome site. As found in
the ubac2 mutant, disruption of PICC reduced the accumulation of PMR4-GFP regardless of the
expression levels of the PMR4-GFP transgene (Figure 3.14A). Furthermore, in the two high
expressor lines (lines 1 and 2) for the PMR4-GFP transgene, flg22-induced callose deposition was
fully restored in the homozygous picc/picc progeny even with reduced levels of PMR4-GFP
signals, relative to those in the PICC/picc heterozygous progeny (Figure 3.14B). On the other
hand, in the low expressor line (line 3), flg22-induced callose deposition was not restored in the
picc/picc homozygous progeny (Figure 3.14B). Thus, the effect of the picc mutation on PMR4dependent callose deposition was dependent on the expression levels of PMR4-GFP in the
transgenic lines. When PMR4-GFP transgene was expressed at high levels as in the high expressor
lines 1 and 2, the reduced levels of the callose synthase were still sufficient for PAMP-induced
callose synthase in the picc mutant background. On the other hand, PICC plays a critical role in
PMR4-dependent callose deposition when the expression levels of PMR4 were low, as in the low
expressor line 3 (Figure 3.14).
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Figure 3.13 Accumulation of PMR4 and Effect on flg22-induced callose deposition in the
ubac2a/2b mutant.
A. Accumulation of PMR4-GFP. The PMR4-GFP construct was first introduced into the ubac2a1/2b-1 double mutant and three transgenic lines (L1 to L3) with increased expression of PMR4
based on RT-qPCR and confocal fluorescence microscopy were crossed to both WT and the
ubac2a/2b

double

mutant

to

generate

transgenic

PMR4-GFP

progeny

in

the

UBAC2a/2b/ubac2a/2b heterozygous (+/-) and ubac2a/2b homozygous (-/-) backgrounds,
respectively. The PMR4-GFP signals were observed by confocal fluorescence microscopy.
B. Flg22-induced callose deposition. WT, ubac2a/2b mutant and transgenic ubac2a/2b lines
overexpressing PMR4-GFP were treated with H2O or 1 uM flg22. After 16 hours, callose deposits
were determined. Means and SE of callose deposits were calculated from more than 10 125x100
um microscopic fields per treatment per genotype.
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Figure 3.14 Accumulation of PMR4 and Effect on flg22-induced callose deposition in picc
mutant.
A.

Accumulation of PMR4-GFP. A PMR4-GFP construct was first introduced into the picc

mutant and three transgenic lines (L1 to L3) with increased expression of PMR4 based on RTqPCR and confocal fluorescence microscopy were crossed to both WT and picc mutant to generate
transgenic PMR4-GFP progeny in the PICC/picc heterozygous and picc/picc homozygous mutant
backgrounds, respectively. The PMR4-GFP signals were observed by confocal fluorescence
microscopy.

B. Flg22-induced callose deposition. WT, picc mutant and transgenic picc lines

overexpressing PMR4-GFP were treated with H2O or 1 uM flg22. After 16 hours, callose deposits
were determined. Means and SE of callose deposits were calculated from more than 10 125x100
um microscopic fields per treatment per genotype.
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3.4.10 The role of UBAC2 in PTI is mediated through a novel mechanism
As a highly conserved protein, UBAC2 was initially identified from proteomic profiling of human
ERAD complexes and has been implicated in mammalian ERAD through its action with the Hrd1
and gp78 ubiquitin ligases (Christianson et al., 2012; Zhang et al., 2015b). In Arabidopsis, two
mutated forms of the brassinosteroid receptor kinases bri1-5 and bri1-9 are retained in the ER by
ERQC and degraded by ERAD (Hong et al., 2008; Hong et al., 2009; Jin et al., 2009; Su et al.,
2011, 2012). To determine the possible association of the roles of plant UBAC2s in PTI and in
ERAD, we first examined whether mutations of the UBAC2 genes could suppress the mutant
phenotypes of the bri1-5 and bri1-9 mutants by blocking ERAD of the bri1-5 and bri1-9 mutant
proteins. For this purpose, we generated ubac2a/2b bri1-5 and ubac2a/2b bri1-9 triple mutants
but failed to observe any improved growth of the mutant bri1 mutants in the ubac2a/2b mutant
background (Figure 3.15). This result argued against a role of the UBAC2 proteins in the ERQC
and ERAD of the bri1-5 and bri1-9 mutant proteins. We also found that a knockout mutant for
the Arabidopsis Hrd3 protein required for ERAD of the bri1-5 and bri1-9 mutant proteins was
normal in PTI and pathogen-or PAMP-induced callose deposition (Figure 3.16).

We have recently reported that Arabidopsis UBAC2 proteins interact with the ATI3 selective
autophagy receptors and mediate a novel selective autophagy pathway in targeting specific
unknown ER proteins during plant responses to heat and necrotrophic fungal pathogens(Zhou et
al., 2018) . To determine whether the role of UBAC2 in plant PTI is mediated through the ATI3
selective autophagy pathway, we determined the response of the ati3a/3b/3c triple mutant to
PstDC3000(hrcC) but found that the mutant supported similar levels of the bacterial pathogen as
WT plants (Figure 3.16A). Furthermore, pathogen- and PAMP-induced callose deposition was
normal in the ati3 triple mutant. These results indicated that UBAC2 proteins play a critical role
in plant PTI and pathogen-induced callose deposition through a mechanism distinct from the
previously characterized Hrd3 ERAD and ATI3 selective autophagy pathways.
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Figure 3.15 Mutations of UBAC2a and UBAC2b fail to suppress bri1-5 or bri1-9 triple mutant
phenotypes. The ubac2a-1/2b-1 double mutant was crossed with bri1-5 and bri1-9 and F2
progeny were screened using PCR-based genotyping to identify the ubac2a/2b bri1-5 (A) and
ubac2a/2b bri1-9 (B) triple mutant plants. The ubac2a/2b bri1-5 and ubac2a/2b bri1-9 triple
mutant plants are indistinguishable from the parental bri1-5 and bri1-9 mutants, respectively.

Figure 3.16 Phenotypes of ati3, hrd3a and ubac2 mutants in PTI and callose deposition.
A. Growth of Growth of type III secretion-deficient PstDC3000(hrcC). WT, ati3, hrd3a and
ubac2 mutants were infiltrated with Pst DC3000 (hrcC). Leaf samples were collected at 0 and 4
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dpi for determining bacterial growth. Means and SE were calculated from 10 plants for each
treatment.

B. Pathogen- and PAMP-induced callose desposition. WT, ati3, hrd3a and ubac2

mutants were infiltrated with Pst DC3000 (hrcC) or treated with 1 uM flg22 or elf18. After 16
hours, callose deposits were determined. Means and SE of callose deposits were calculated from
more than 10 125x100 um microscopic fields per treatment per genotype.

3.5

Discussion

In eukaryotic cells, about one third of total cell proteins are synthesized on the ER-associated
ribosomes and, therefore, the ER contains a complex network of proteins that have evolved to
mediate translocation, folding, modification and degradation of a large number of structurally
diverse proteins (Pfeffer et al., 2017).

Many proteins involved in plant immune responses

including PRRs and extracellular defense-related proteins are synthesized on the ER, undergo the
ERQC and ultimately are transported to their destinations through the secretory pathway. As a
result, the ER has been increasingly recognized as a critical subcellular compartment that regulates
plant immune systems through controlling the biogenesis and associated trafficking of important
components of plant immune responses (Liebrand et al., 2012). SA and NPR1-mediated defense
gene expression during the establishment of SAR, for example, is dependent on the upregulation
of both the ER-associated protein folding/modification machinery and the secretory pathway
(Wang et al., 2005). In addition, specific components of the ERQC are required for the biogenesis
and function of a number of plasma membrane-localized PRRs from different plants including
EFR from Arabidopsis (Li et al., 2009; Lu et al., 2009; Nekrasov et al., 2009; Saijo et al., 2009;
von Numers et al., 2010), XA21 and OsCERK1 from rice (Chen et al., 2010; Park et al., 2013),
IRK from tobacco (Caplan et al., 2009) and Cf from tomato (Liebrand et al., 2012). In this study,
we have discovered that two Arabidopsis homologs of UBAC2, a conserved ER protein implicated
in ERQC and ERAD, play a critical role in PTI based on the highly compromised responses of the
ubac2a/2b double mutants to a strain of PstDC3000 that is deficient in type III secretion system
(PstDC3000 hrcC) (Figure 3.1B) and the defects in PAMP-induced resistance to PstDC3000
(Figure 3.2). Unlike previously reported mutants defective in the CNX/CRT cycle, the ubac2
mutants are normal in the biogenesis of both FLS2 and EFR and associated signaling and defense
responses including MAPK activation, ROS generation and PTI marker gene expression (Figure
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3.3). The normal signaling and defense gene expression of the ubac2 mutants are consistent with
their normal sensitivity to the flg22 and elf18 for seedling growth inhibition (Figure 3.4). However,
the ubac2 mutants are compromised in pathogen and PAMP-induced callose deposition (Figure
3.5). The UBAC2 proteins interact with the plant-specific PICC protein (Figure 3.8), which is also
localized in the ER and is important for PTI but dispensable for PTI-associated signaling and
defense gene expression (Venkatakrishnan et al., 2013). Like ubac2 mutants, compromised PTI
of the picc mutants was also associated with defects in pathogen- and PAMP-induced callose
deposition (Figure 3.10). Therefore, the evolutionarily conserved UBAC2 and plant-specific PICC
proteins appear to be critical components of a novel ER pathway with an important role in plant
immunity by regulating pathogen-induced callose deposition.

The compromised phenotypes of the ubac2 and picc mutants in both PTI and pathogen/PAMPinduced callose deposition could be rescued by overexpression of PMR4 (Figures 3.7 and 3.10).
These results suggest that disruption of UBAC2 and PICC genes may reduce the accumulation of
PMR4 callose synthesis in the ubac2 and picc mutants, leading to defects in pathogen/PAMPinduced callose deposition and compromised PTI. Indeed, by comparing fluorescent signals
between transgenic WT and ubac2 or between WT and picc plants expressing the same PMR4GFP transgene, we discovered that disruption of UBAC2 or PICC reduced the levels of plasma
membrane-localized PMR4 (Figures 3.13 and 3.14). Through comparison of transgenic ubac2 and
picc lines expressing different levels of the PMR4-GPF transgene, it further became apparent that
both UBAC2 and PICC proteins modulate but not completely control the accumulation of PMR4.
In the transgenic ubac2 and picc lines expressing high levels of the PMR4-GFP transgene, plasma
membrane associated PMR4-GFP signals were substantially reduced when compared to those in
the heterozygous UBAC2/ubac2 or PICC/picc genetic background but were still detectable
(Figures 3.13A and 3.14A). Furthermore, flg22-induced callose deposition of these high expressor
lines in the ubac2 and picc mutant backgrounds was fully restored (Figures 3.13A and 3.14A). On
the other hand, in the low expressor lines for the PMR4-GFP transgene, weak plasma membrane
localized PMR4-GFP signals were detected in the heterozygous UBAC2/ubac2 or PICC/picc
genetic background but not in the homozygous ubac2/ubac2 or picc/picc mutant background
(Figures 3.13B and 3.14B). Thus, disruption of UBAC2 or PICC reduced but did not completely
abolish the accumulation of PMR4-GFP. As a result, when the PMR4 or PMR4-GFP transgene
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was expressed at high levels, there were still sufficient levels of PMR4 for pathogen-induced
callose deposition and PTI even in the ubac2 and picc mutant backgrounds. However, when the
PMR4 or PMR4-GFP transgene was expressed at low levels, functional UBAC2 and PICC genes
became critical for accumulation of sufficient levels of PMR4 required for a strong capacity in
inducible callose deposition and PTI. Based on both analysis of PMR4 transcripts and the failure
to detect fluorescence signals of PMR4-GFP under control of its native promoter, the expression
levels of the native PMR4 gene in Arabidopsis are likely to be even lower than those of the PMR4GFP low-expressor lines tested in this study. With such low expression levels of the native PMR4
gene, UBAC2 and PICC would be highly important for positive modulation of the PMR4 protein
levels for pathogen/PAMP-induced callose deposition and PTI.

As a large transmembrane protein, PMR4 belongs to the family of glucan synthases. Glucan
synthases include plant cellulose synthases, which are synthesized on the ER and undergo the
ERQC system for proper folding and modification before being assembled into complexes in the
Golgi apparatus and transported to the plasma membrane through the Golgi- and post-Golgi
trafficking system (Bashline et al., 2014). In mammalian cells, the ER-localized UBAC2 was
identified as an interactor of UBXD8 in a protein complex that also contains the ER-membrane
anchored gp78 E3 ubiquitin ligase implicated in the ERAD (Christianson et al., 2012). In
Arabidopsis, UBAC2 proteins also interact with the selective autophagy receptors ATI3s and
target unknown ER proteins in plant stress responses (Zhou et al., 2018) . However, unlike
previously characterized ERAD components from Arabidopsis, disruption of UBAC2 genes did
not block the ERAD components of bri1-9 and bri1-5 (Figure 3.15), two ER-retained mutated BR
receptors (Su et al., 2011). On the other hand, loss-of-function mutation of Hrd3, a critical
component of the Hrd1 E3 ligase complex in ERAD, blocks the ERAD of bri1-9 and bri1-5 (Su
et al., 2011), but did not affect plant PTI or pathogen-induced callose deposition (Figure 3.16).
Therefore, the role of UBAC2 in the accumulation of PMR4 proteins is not dependent on
Hrd1/Hrd3-mediated ERAD. Likewise, the mutant plants for the selective autophagy receptors
ATI3s were normal in plant PTI and pathogen-induced callose deposition (Figure 3.16), indicating
that the role of UBAC2s in plant PTI and callose deposition is not mediated by the ATI3 selective
autophagy pathway. Interestingly, the functional C-terminal UBA domain of UBAC2s is required
for their role in plant PTI and pathogen-induced callose deposition (Figure 3.6). Thus the action
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of UBAC2 proteins in promoting accumulation of the PMR4 callose synthase may involve protein
ubiquitination, which is often associated with protein turnover (Weissman, 1997; Lu and Hunter,
2009). Several possible mechanisms could account for the apparently paradoxical roles of UBAC2
in ERAD and in promoting PMR4 accumulation. First, UBAC2 and PICC-mediated pathway may
target degradation of a negative regulator of PMR4 accumulation to increase the accumulation of
the callose synthase in plant cells. Second, misfolded proteins require prompt removal through
refolding or degradation to prevent them from binding nonspecifically to other proteins to further
increase protein misfolding (Jackson and Hewitt, 2016). UBAC2/PICC-mediated ERQC could
specifically target misfolded proteins in the ER to prevent their interference with the folding and
modification of other PMR4 proteins, thereby promoting the accumulation and folding of the
callose synthase. Given the normal phenotype of the hrd3 mutant plants in PTI and pathogeninduced callose synthase, UBAC2-mediated removal of potential negative regulators of PMR4
biogenesis and accumulation appears to involve an ER membrane-localized ligase other than the
well characterized Hrd1/Hrd3 E3 complex in Arabidopsis. Alternatively, UBAC2-and PICCmediated promotion of PMR4 accumulation could involve a novel mechanism distinct from the
established ERQC/ERAD pathways. Studies in mammalian cells have shown that the UBAC in
the ER also play a role in cellular energy homeostasis through controlling cytoplasmic lipid droplet
turnover (Suzuki et al., 2012; Wang and Lee, 2012; Olzmann et al., 2013). UBAC2 proteins are
evolutionarily conserved ER proteins found in eukaryotes, whose polymorphisms have also been
associated with Behcete’s disease, a systemic inflammatory disorder in humans (Sawalha et al.,
2011; Hou et al., 2012; Yamazoe et al., 2017).

Callose was among the earliest components reported to be associated with the formation of papillae,
one of the earliest observed plant defenses that has been now extensively analyzed at the molecular
and cellular levels over more than 150 years (Voigt, 2014). More recent studies have revealed the
critical roles of callose deposition in plant immune responses to fungal, bacterial and viral
pathogens (Kim et al., 2005; Li et al., 2012; Ellinger et al., 2013; Ellinger et al., 2014; Voigt, 2016).
Our studies with Arabidopsis UBAC2 and PICC provide further evidence for a critical role of
pathogen-induced callose deposition in plant immunity. Intriguingly, loss-of-function mutations
of PMR4 lead to hyperactivated SA responses (Nishimura et al., 2003). In fact, under our growth
conditions, mature pmr4 mutant plants display early senescence (Z. W., Z C, unpublished results),
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indicating that complete deficiency of the PMR4 activity causes detrimental effects on plant
growth. The inducible nature of PMR4-dependent callose deposition may also reflect potential
detrimental effects of constitutive PMR4-dependent callose overproduction on plant growth and
development given the established action of callose to important plant cellular structures including
cell wall and plasmodesmata. Therefore, PMR4-dependent callose deposition requires tight
regulation as an effective defense mechanism without causing harmful effects in plant growth and
development. Studies over the past decade have shown that regulation of pathogen-induced
callose deposition involve inducible transcription of the PMR4 gene (Jacobs et al., 2003) ,
controlled trafficking (Kulich et al., 2018) and activation of the PMR4 callose synthase (Ellinger
et al., 2014). In addition, the protein levels of the PMR4 callose synthase are subjected to
regulation by the interacting UBAC2 and PICC proteins in the ER (Figures 3.13 and 3.14). Given
the inducible nature of the PICC gene (Venkatakrishnan et al., 2013), the UBAC2/PICC-mediated
ER mechanism could also be responsive to pathogen infection for increased accumulation of
PMR4 during activation of the plant immune response. Therefore, as a critical defense mechanism,
pathogen-induced callose deposition is under regulation by a complex network of regulatory
mechanisms. Further analysis of these regulatory mechanisms for the synthesis, assembly,
trafficking and activation of PMR4 could provide new important insights into the molecular basis
of the plant immune system.
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ROLE OF A FAMILY OF NOVEL NAI2-INTERACTING
PROTEINS IN BIOGENESIS OF THE ENDOPLASMIC RETICULUM
BODIES AND RELATED STRUCTURES

This chapter is a minor modification of a manuscript under the same title. ZheWang and Xifeng
Li contributed equally to this work and are listed as co first authors in the manuscript.

4.1

Abstract

Plants produce different types of endoplasmic reticulum (ER)-derived vesicles that accumulate
and transport proteins, lipids and metabolites. In the Brassicales including Arabidopsis, a distinct
type of ER-derived structures called ER bodies is found throughout the epidermis of cotyledons,
hypocotyls and roots. NAI2 is a key factor for the ER body formation in Arabidopsis. Homologs
of NAI2 are found only in the Brassicales and, therefore, may have evolved specifically to enable
the ER body formation. Here, we report that three related NAI2-interacting proteins (NAIP1, 2
and 3) from Arabidopsis play a critical role in the biogenesis of the ER bodies and related structures.
Confocal microscopy using GFP fusions revealed that all three NAIPs are components of the ER
bodies found in the cotyledons, hypocotyls and roots. Genetic analysis with the mutants for the
NAIPs supports that they have a critical and redundant role in ER body formation. NAIP2- and
NAIP3 are also components of other vesicular structures likely derived from the ER that are
formed independent of NAI2 and are present not only in the cotyledons, hypocotyls and roots but
also in the rosette leaves. These results indicate that while NAIP1 is a specialized ER body
component, NAIP2 and NAIP3 are less specialized and can be components of different types of
ER-derived structures. Analysis with chimeric NAIP proteins revealed that their N-terminal
domains play a major role in the functional specialization in the biogenesis of distinct types of ERderived compartments. Unlike NAI2, NAIPs have homologs in all plants and, therefore, NAIPcontaining ER structures are likely to be present widely in plants. The ER bodies in the Brassicales
with a specialized function may have evolved from some of these NAIP-containing ER structures
likely present widely in plants.
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4.2

Introduction

The endoplasmic reticulum (ER) is an interconnected network of membrane sacs and tubelike cisternae found in eukaryotic cells. The ER is the gateway of intracellular trafficking of
proteins to a variety of cellular destinations along the secretory pathway (Vitale and Denecke,
1999). Most membrane and soluble proteins that are synthesized and pass quality control in the
ER move to the Golgi apparatus through the coat protein complex II (COPII)-coated vesicles
before transport to other endomembrane compartments or to the extracellular space (Benham,
2012). In all eukaryotes, this is the best characterized mechanism of the endomembrane system
for transport of proteins synthesized on the ER.

In plant cells, however, there are other specialized compartments derived from the ER with various
sizes and shapes that contain proteins actively synthesized on the ER without traveling through the
Golgi apparatus (Hara-Nishimura et al., 2004). Many of these ER-derived compartments travel to
and are incorporated into vacuoles in a Golgi-independent manner. In plant seeds, for example,
some of the ER-derived protein bodies, which contain a high amount of proteins synthesized on
the ER, proceed directly to the protein storage vacuoles independent of the Golgi apparatus and
other post-Golgi compartments in the secretory pathway (Chrispeels and Herman, 2000). In
maturing seeds of pumpkin and caster bean, precursors of storage proteins, 2S albumin and 11S
globulin, form aggregates within the ER lumen and are sorted into ER-derived precursoraccumulating vesicles (Hara-Nishimura et al., 1998). Sorting of the aggregates of these storage
protein precursors from ER to ER-derived vesicles may serve to alleviate ER stress caused by the
large amount of protein aggregates within the ER (Vitale and Ceriotti, 2004). Those soluble and
free molecules of the storage protein precursors, on the other hand, exit the ER for the Golgi
apparatus, where they are retained by the PV72 vacuolar sorting receptor and recruited back to the
PAC vesicles for eventual incorporation into the storage vacuoles (Shimada et al., 1997; Shimada
et al., 2002). Specialized ER-derived vesicles also play a role in the biogenesis of lytic vacuoles.
Tonoplast-resident proteins and soluble cargos of lytic vacuoles are synthesized on the ER and
many of them are delivered to the Golgi apparatus via COPII vesicles and proceed further through
the post-Golgi intermediate compartments of the secretory pathway to the lytic vacuole (Viotti,
2014). However, the vacuolar H+-ATPase VHA-a3, the most abundant tonoplast resident protein,
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and the second vacuolar proton pump, the H+-PPase AVP1, are delivered to the vacuoles or
prevacuoles without the involvement of the Golgi- and post-Golgi-mediated transport (Viotti et al.,
2013). Therefore, plant cells are unique in the flexibility of the ER to assemble a variety of ERderived compartments for direct transport to other destinations, particularly to the vacuoles.

Among those specialized ER-derived compartments that have been extensively characterized is
the ER bodies, which is produced only by plants in the Brassicales order, including Arabidopsis
thaliana (Nakano et al., 2014). Unlike other ER-derived vesicles, the ER bodies are rod-shaped of
approximately 1 um in diameter and 10 um in length and can be observed in transgenic Arabidopsis
plants expressing ER-targeted GFP (Hawes et al., 2001; Hayashi et al., 2001). Analysis using
electron microscopy showed that the ER bodies contain a single membrane covered by ribosomes
and is connected with ER tubules and cisternae, indicating that the ER bodies are continuous to
the whole ER network (Hayashi et al., 2001). The major protein component of the ER bodies in
Arabidopsis is PYK10/BGLU23, a β-glucosidase with a KDEL ER retention signal at its Cterminus (Matsushima et al., 2003). Two integral membrane proteins with metal ion transporter
activity, MEMBRANE OF ER BODY (MEB) 1 and MEB2, have been identified to accumulate
specifically at the membranes of the ER bodies in Arabidopsis (Yamada et al., 2013). Genetic
analysis has identified two genes, NAI1 and NAI2, with an important role in the ER body formation
in Arabidopsis (Matsushima et al., 2004; Yamada et al., 2008). NAI1 encodes a basic helix-loophelix-(bHLH) type transcription factor and functions as a master regulator of the ER body
formation by regulating the expression of genes encoding PYK10, NAI2, MEB1, MEB2 and other
related proteins (Matsushima et al., 2004). NAI2 encodes an ER body component that determines
the ER body formation in Arabidopsis (Yamada et al., 2008). In the nai2 mutants, PYK10, MEB1
and MRB2 are diffused throughout the ER and the levels of PYK10 are reduced, indicating that
NAI2 promotes accumulation of PYK10 by mediating the formation of the ER bodies (Yamada et
al., 2008). NAI2 forms complexes with MEB1 and MEB2 and, therefore, may be responsible for
the recruitment and organization of these ER body membrane proteins (Yamada et al., 2013).
Interestingly, homologs of NAI2 are found only in plants in the Brassicaceae order that form ER
bodies, suggesting that NAI2 may have a specific role in the formation of the ER-derived vesicles
(Yamada et al., 2008).
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The ER bodies are enriched in the cotyledons and hypocotyls of Arabidopsis seedlings and in roots
of both seedlings and mature plants (Nakano et al., 2014). The number of ER bodies in the rosette
leaves of mature plants, however, is very low but can be induced by wounding in a jasmonic-aciddependent manner (Matsushima et al., 2002; Ogasawara et al., 2009). These observations suggest
a possible role of the ER bodies in plant responses to pathogens, herbivores and other stresses.
This is supported by the recent finding that the abundant PYK10 β-glucosidase in the ER bodies
has a myrosinase activity that hydrolyzes indole glucosinolates, thereby generating chemically
reactive products toxic to pathogens and herbivores (Nakano et al., 2017). In addition, genes
associated with the ER body, glucosinolate biosynthesis and metabolism display a striking coexpression pattern, suggesting strong coordination among these processes (Nakano et al., 2017).
Methylerythritol cyclodiphosphate, a precursor of plastidial isoprenoids and a stress-specific
retrograde signaling metabolite, plays a key role in coordinately promoting the ER body formation
and induction of indole glucosinolate metabolism through transcriptional regulation of key
regulators NAI1 and MYB51/122 transcription factors, respectively (Wang et al., 2017). The role
of ER body formation has also been demonstrated in response of Arabidopsis plants to the
beneficial fungus Piriformospora indica. In the pyk10 and nai1 mutants, infection by the beneficial
fungus led to fungal overgrowth without beneficial effects on the plants (Sherameti et al., 2008).
This suggests that ER body formation plays a role in plant defense that enables controlled fungal
colonization to establish a mutualistic interaction between the symbiotic partners (Sherameti et al.,
2008). The ER body may also play a role in plant responses to other stresses including drought
and metal ion toxicity (Yamada et al., 2013; Kumar et al., 2015).

While a substantial amount of information on the components, function and regulation of the ER
bodies has been generated, there are important questions on the biogenesis and evolution of ER
bodies that remain to be addressed. ER body formation is likely to be a complex process involving
a substantial number of proteins but even with the identification of NAI2, our knowledge about
important proteins that enable ER body formation is still very limited. It is unclear whether the ER
bodies found only in the Brassicales have originated in these plants or evolved from related ERderived vesicles. In the present study, we report identification and characterization of three closely
related NAI2-interacting proteins (NAIP1, 2 and 3) from Arabidopsis. Genetic analysis revealed
that formation of NAI2- or PKY10-containing ER bodies was normal in the naip1, 2, and 3 single
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and double mutants but was greatly reduced in the triple mutant. Consistent with their critical and
redundant role in ER body formation, all these three NAIP proteins are components of the ER
bodies based on analysis using GFP fusion proteins. However, while NAIP1 is only associated
with ER bodies, NAI2 and NAIP3 are also associated with other types of ER-derived vesicles that
are formed in an NAI2-independent manner and are present abundantly not only in the cotyledons,
hypocotyls and roots but also in the rosette leaves of Arabidopsis plants. Functional dissection of
the NAIP proteins through analysis of chimeric proteins provided further insights into the
structural domains with a role in determining the characteristics of these ER-derived compartments.
Unlike NAI2, homologs of NAIP proteins are found in all plants and, therefore, NAIP-containing
ER structures are likely to be present widely in plants. Based on these results, we propose that the
ER bodies from the Brassicales with a specialized function may have evolved from some of the
NAIP-containing ER compartments that are likely to be present widely in plants.

4.3

Materials And Methods

4.3.1 Plant Growth Conditions and Arabidopsis genotypes
Arabidopsis and N. benthamiana plants were grown in growth chambers or growth rooms at 22°C
with 120 μE·m−2·s−1 light intensity and a photoperiod of 12 h of light and 12 h of dark. The ubac2a1 and ubac2b-1 mutants have been previously described (Zhou et al., 2018) . Homozygous nai2-2
(Salk_005896), naip1-1 (FLAG_512D04), naip2-1 (GABI_529B11), naip2-2 (GABI_922B07),
naip3-1 (SALK_200721) were identified by PCR using gene-specific primers flanking the TDNA/transposon insertions.
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Table 4.1 PCR primers for naip and nai2-2 mutant screens
GENE NAME

MUTANT SCREENS

AT4G15545/NAIP1

F: 5’-cgacccggtttttgacttta-3’
R: 5’-gcctctagtggtagcgaacg-3’
F: 5’-ggctattctgcagcaggttc-3’

AT1G16520/NAIP2

R: 5’-ctcaacacttcccaaaacgag-3’
F: 5’-gttggggaagggaagaaaaa-3’

AT1G56080/NAIP3

R: 5’-tgcttccaactacaagcaaaa-3’
F: 5’-ctgctcatgctggatttgaa-3’

AT3G15950/NAI2

R: 5’-tgcttcatcatctgtgcttg-3’

4.3.2 Yeast Two-Hybrid Screen and Assays
To find UBAC2a-interacting proteins, a Gal4-based yeast-two-hybrid system was utilized as
previously described (Zhou et al., 2018). Briefly, UBAC2a was PCR-amplified using gene-specific
primers (5’-agcgaattcatgaacggcggtccctcc-3’ and 5’-agcgtcgacttagtttctgtcgaatcccatt-3’) and cloned
into pBD-GAL4 vector to generate the bait vector. The Arabidopsis HybridZAP-2.1 two-hybrid
cDNA library was prepared from Arabidopsis plants as previously described (Xu et al., 2006). The
bait plasmid and the cDNA library were used to transform yeast strain YRG-2. Yeast transformants
were plated onto selection medium lacking Trp, Leu, His and confirmed by β-galactosidase activity
assays using ONPG (o-nitrophenyl-β-D-galactopyranose) as substrate.

To identify NAIP1-interacting proteins, full-length NAIP1 was PCR-amplified using gene specific
primers (5’-agcgagctcatgtcagagatagaagaagaagaaga-3’ and 5’- agcggatccttagtgagcgttgcgtgtg-3’)
and cloned into pBD-GAL4 vector as bait vector in screening the Arabidopsis HybridZAP-2.1
two-hybrid cDNA library for interacting proteins. For assays of interactions among of NAIP2 and
NAIP3 with NAI2 and NAIP1, full length NAIP2 were PCR-amplified using gene-specific primers
(NAIP2: 5’- agcactagtatgggagacgaccagctaga-3’ and 5’-agcggatccttaacgcatgtttctgttaagg-3’; NAIP3:
5’-agcgagctcatgtctcaaagcggcggt-3’ and 5’-agcactagttcaacgcccacttgtgagaagtc-3’) and cloned into
the bait vector pBD-GAL4. The DNA fragment for the C-terminal HHD domain of NAIP1 was
PCR-amplified

using

the

primers

(5’-

agcggatccttagtgagcgttgcgtgtg-3’

and

5’-
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agcgaattctctcctcgacgccattctgt-3’) and the PCR product was inserted into the pBD-GAL4 vector.
The DNA fragment for the N-terminal domain of NAIP1 was generated by removal of the Cterminal BglII-BamHI fragment from the NAIP1 coding sequence in the pBD-NAIP1 vector.
Various combinations of bait and prey constructs were cotransformed into yeast cells and
interactions were analyzed through assays of the LacZ β-galactosidase reporter gene activity.

4.3.3 BiFC assay
The BiFC vectors pFGC-N-YFP and pFGC-C-YFP have been previously described (Cui et al.,
2007). The full-length NAIP1, NAIP2, NAIP3 and NAI2 coding sequences were PCR-amplified
using gene-specific primers (NAIP1: 5’- agcgagctcatgtcagagatagaagaagaagaagaa-3’ and 5’agcggatccgtgagcgttgcgtgtgatca-3’;
agctctagaacgcatgtttctgttaaggag;
agctctagaacgcccacttgtgagaagtc-3’;

NAIP2:
NAIP3:
NAI2:

5’-agcggatccatgggagacgaccagctaga-3’
5’-agcgagctcatgtctcaaagcggcggt-3’
5’-agcgagctcatgggaacaaagtttttagctct-3’

and
and
and

5’5’5’-

agcggatccattaagtgaactaagaaactcaaccca-3’) and cloned into pFGC-N-YFP or pFGC-C-YFP. The
plasmids were introduced into A. tumefaciens (strain GV3101) and transformed into Arabidopsis
plants as described previously (Clough and Bent, 1998). Transgenic plants were identified based
on Basta resistance. Positive T1 transformants were crossed to generate transgenic plants
containing a pair of BiFC constructs. BiFC fluorescent signals were analyzed in the Arabidopsis
cotyledon by a Zeiss LSM710 confocal microscope with appropriate filter sets (excitation 514 nm,
emission 525-555nm). The images were superimposed with Zeiss LSM710 software.

4.3.4 Assays of GUS activity and Histochemical staining
The ∼1.5-kb promoter regions of the NAIP genes were PCR-amplified from the genomic DNA
using

gene-specific

primers

agcactagtttctcgttttctgtgttttttttg-3’;

(NAIP1:
NAIP2:

5’-agcggatccttttggatttgttggtgacg-3’

and

5’-

5’-agcggatcccgctgtcctacgaacgtacc-3’

and

5’-

agcactagtttctccaccacaagaatgtcc-3’ and NAIP3: 5’- agcggatccgttcaaaccaaatggcctgt-3’ and 5’agcccatggaaagggccctcgggatct-3’). The promoter sequences were cloned into a modified plant
expression vector which contains a promoter-less GUS gene. The promoter-GUS constructs were
transformed into Arabidopsis plants using the Agrobacterium-mediated floral dip method (Clough
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and Bent, 1998). Transgenic plants were obtained based on Basta resistance. At least five
independent lines were selected for the histochemical staining of GUS activity as described
previously (Jefferson et al., 1987). Briefly, one-week-old seedlings, three-week-old rosette leaves
and the inflorescence of the transgenic plants were prefixed in ice-cold 90% acetone for 20min
and then immersed in staining solution (50 mM sodium phosphate buffer pH 7.0, 10 mM EDTA,
2 mM potassium ferricyanide, 2 mM potassium ferrocyanide, 0.1% Triton X-100 and 2 mM 5bromo-4-chloro-3-indolyl-β-D-glucuronic acid) at 37°C for 16 h. Tissues were rinsed in 70%
ethanol and the solution was changed every hour until the chlorophyll was removed. Micrographs
were taken using a Nikon Digital Sight DS–5M camera attached to a Nikon Eclipse 80i compound
microscope.

4.3.5 Plasmid Construction and Generation of Transgenic Arabidopsis Plants
For generating NAIP-GFP fusion genes, full-length NAIP coding sequences were PCR-amplified
using gene-specific primers (NAIP1: 5’-agcgagctcatgtcagagatagaagaagaagaaga-3’ and 5’agcggatccgtgagcgttgcgtgtgatc-3’;

NAIP2: 5’-agcgtcgacatgggagacgaccagctaga-3’ and 5’-

agcggatccacgcatgtttctgttaaggag-3’;

NAIP3:

5’-agcgagctcatgtctcaaagcggcggt-3’

and

5’-

agcactagtacgcccacttgtgagaagtcc-3’) and fused to the GFP gene behind the CaMV 35S promoter in
a modified pCAMBIA1300 plant transformation vector and transformed into Arabidopsis WT and
nai2 mutant Arabidopsis plants. The cotyledons, hypocotyls and roots of one-week-old transgenic
seedlings and rosette leaves of three- to four-week-old transgenic Arabidopsis plants were used
for imaging of GFP using standard confocal laser microscopy. At least 10 independent lines for
each construct were used in these experiments

For generating mCherry labeled PYK10 and NAI2 ER body markers, full-length PYK10 and NAI2
coding

sequences

were

PCR-amplified

agcgaattcatggttttgcaaaagcttcc-3’

and

using

gene-specific

primers

5’-agcggatccaaagctcatccttcttgagc-3’;

(PYK10:

5’-

NAI2:

5’-

agcgaattcatgggaacaaagtttttagctctg-3’ and 5’-agcggatcccattaagtgaactaagaaactcaacccaaa-3’) and
fused to an mCherry gene behind the CaMV 35S promoter in a modified pCAMBIA1300 plant
transformation vector and transformed into Arabidopsis plants. The cotyledon, hypocotyl and root
of one-week-old transgenic seedlings and rosette leaves of three- to four-week-old stably
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transformed Arabidopsis plants from at least 10 independent lines for each construct were used for
imaging of mCherry using standard confocal laser microscopy.

To generate chimeric constructs for NAIP proteins, the three domains between NAIP1 and NAIP3
were swapped using overlapping PCR. The N-terminal, middle and C-terminal domains of NAIP1
are defined as amino acid residues 1-141, 142-270 and 271-337, respectively. The N-terminal,
middle and C-terminal domains of NAIP3 are defined as amino acid residues 1-127, 128-243 and
244-310, respectively. The chimeric genes were fused to the GFP gene behind the CaMV 35S
promoter in a modified pCAMBIA1300 plant transformation vector and transformed into
Arabidopsis plants. Transgenic lines were then selected based on hygromycin resistance. At least
six lines for each construct were chosen for examination of GFP signals.

For generating myc-tagged NAIP1 genes for expression in Arabidopsis, full-length NAIP1 coding
sequence

was

PCR-amplified

agcgtcgacatgtcagagatagaagaagaagaaga-3’

primers

(5’-

5’-agcttaattaagtfagcgttgcgtgtgatc-3’).

The

using
and

NAIP1-specific

amplified NAIP1 fragment was fused with a 4xmyc tag sequence behind the CaMV 35S promoter
in a modified pCAMBIA1300 plant transformation vector. Mutations for the five putative SP and
TP phosphorylation motifs for NAIP1 were generated by overlapping PCR and the mutant gene
was fused to the 4xmyc tag or to GFP behind the CaMV 35S promoter in a plant transformation
vector for plant transformation.
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Table 4.2 PCR primers for chimeric proteins
NAIP DOMAIN COMBINATIONS

PRIMERS

NAIP1 N terminal+NAIP3 middle

F: 5’-ctcttcaagatgataatccatctcaaactgagac-3’

domain

R: 5’-gagatggattatcatcttgaagagacatcataagcg-3’

NAIP1 middle domain+NAIP3 C

F: 5’-ctgcgagaactcggattgatgggaaagagttc-3’

terminal

R: 5’-ccatcaatccgagttctcgcagtttgtgaacc-3’

NAIP3 N terminal+NAIP1 middle

F: 5’-cattgaatgatgatgaccaaaatgcaggaacaacg-3’

domain

R: 5’-tgcattttggtcatcatcattcaatgactgcatcaa-3’

NAIP3 middle domain+NAIP1 C

F: 5’-tcggcatccgcgggttgatggaaaagagttctt-3’

terminal

R: 5’-ttccatcaacccgcggatgccgagctgaaaca-3’

Table 4.3 PCR primers for construct mutant NAIP1 gene
MUTANT GENE

PRIMERS

NAIP1(T209A/T213A/S217A)

F: 5’-agcgtcgacatgtcagagatagaagaagaagaaga-3’
R: 5’-agaagcagataagattggtggagcaccaggaggagcaagccgtggcgcag-3’

NAIP1(T226A/S235A)

F: 5’-caatcttatctgcttctggtgcaccgaaaacaacttcgagacctatcgct-3’
R: 5’-agcttaattaagtgagcgttgcgtgtgatc-3’

NAIP1(T209A/T213A/S217A/

F: 5’-agcgtcgacatgtcagagatagaagaagaagaaga-3’

T226A/S235A)

R: 5’-agcttaattaagtgagcgttgcgtgtgatc-3’

4.3.6 Transient Expression in Tobacco for Subcellular Localization
For transient expression of the NAIP-GFP fusion genes in N. benthamiana, the recombinant binary
vectors were introduced into A. tumefaciens and infiltrated into N. benthamiana as described
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previously (Cui et al., 2007). For colocalization assays, the BiP-mRFP-KDEL ER marker gene
was coexpressed with the NAIP-GFP constructs as described previously (Zhou et al., 2018) .

For subcellular colocalization in Arabidopsis, transgenic NAIP-GFP plants were crossed with
transgenic PYK10-mCherry lines and the F1 progeny was used for the subcellular colocalization.
Imaging of coexpressed GFP and mCherry signals was performed with standard confocal laser
microscopy with appropriate filter sets: GFP (excitation 488 nm, emission 500-550 nm) and
mCherry (excitation 561 nm, emission 570-620 nm).

4.3.7 In Vivo Phosphorylation of myc-tagged NAIP1
Total proteins were extracted from transgenic wild type and mutant NAIP1 plants and separated
in a 10% SDS-PAGE gel containing 100 uM phos-tag and 200 uM MnCl2. Myc-NAIP1 protein
shifts were detected by western blotting with anti-myc antibody as described previously (Wang et
al., 2014).

4.3.8 Phylogenetic analysis of NAIP proteins
The full-length protein sequences of NAIP proteins in Ananas comosus, Arabidopsis thaliana,
Chlamydomonas reinhardtii, Medicago truncatula, Oryza sativa, Physcomitrella patens,
Selaginella moellendorffii, Solanum lycopersicum were retrieved from the Phytozome database.
The phylogenetic tree was constructed by using the Neighbor-Joining method with MEGA5.

4.4

Results

4.4.1 Identification and Structural Characterization of Proteins that Interact with NAI2
We have recently reported identification of three related ATG8 (Autophagy-related Protein 8)interacting proteins, ATI3a, ATI3b and ATI3c, from Arabidopsis and provided evidence that these
ATI3 proteins function as selective autophagy receptors through interaction with two ER-localized
UBAC2 (Ubiquitin Associated Domain Containing 2) proteins and targeting degradation of
specific unknown ER components during plant stress responses. To further study ATI3/UBAC2-
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mediated selective autophagy pathway, we have attempted to identify UBAC2-interacting proteins
using yeast two-hybrid screens. Using UBAC2a as a bait, we screened an Arabidopsis cDNA
library and identified a number of UBAC2-interacting proteins, among which two were encoded
by At4g15545. Quantitative assays of β-galactosidase activity for LacZ reporter gene expression
revealed that the interaction of UBAC2 and the protein encoded by At4g15545 was relatively weak
and the interaction could not be confirmed reproducibly by bimolecular fluorescence
complementation (BiFC) assays in tobacco (data not shown). Interestingly, using the protein
encoded by At4g15545 as a bait, we identified strong positive clones from yeast two-hybrid
screens that all encode Arabidopsis NAI2, an ER body component found only in the Brassicaceae
(Yamada et al., 2008). This NAI2-interacting protein encoded by At4g15545 was, therefore,
named NAIP1.

NAIP1 is a protein of 337 amino acids (aa) with two homologs in Arabidopsis: NAIP2 (At1g16520)
and NAIP3 (At1g56080) with 325 and 310 aa, respectively (Figure 4.1A). Like NAI2, all three
NAIP proteins are predicted to be soluble proteins with no transmembrane domain. The NAIP
proteins are most conserved at their C-terminal domains (Figure 4.1A), which are highly
homologous to the N-terminal protein-binding module of harmonin also known as harmonin
homology domain (HHD) (Figure 4.1B). The three proteins also shared a high degree of sequence
similarity at the N-terminal domains, which are predicted to display coiled coil (CC) structures
(Figure 4.1). At the middle section, the three proteins are highly divergent in amino acid sequences
but share five threonine or serine residues immediately preceding a proline residue (TP or SP)
(Figure 4.1), which are the major regulatory phosphorylation motifs by a large family of so-called
proline-directed protein kinases including cyclin-dependent protein kinases (CDKs) and mitogenactivated protein kinases (MAPKs) (Lee et al., 2005). Thus, the NAIP proteins are rich in protein
interacting motifs and are potentially regulated by protein phosphorylation.
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Figure 4.1 Sequences and structures of Arabidopsis NAIP proteins.
A. Amino acid sequence alignment of Arabidopsis NAIP1, NAIP2 and NAIP3 proteins. Identical
amino acid residues are in black background. B. Diagram of the NAIP proteins with a N-terminal
coiled coil (CC) domain, a C-terminal harmonin homology domain (HHD) and a variable central
domain with 5 putative phosphorylation motifs (SP or TP) by proline-directed protein kinases.

To determine whether NAIP2 and NAIP3 also interact with NAI2, we cloned them into the yeast
pBD-Gal4 vector and tested the interactions using yeast two-hybrid assays. As shown in Figure
4.2, both NAIP2 and NAIP3 interacted with NAI2 and quantitative assays of β-galactosidase
activity for the LacZ reporter gene expression revealed that their interaction with NAI2 was even
stronger than NAIP1’s interaction with NAI2 (Figure 4.2). NAIP1 also interacted with itself and
with NAIP2 and NAIP3 (Figure 4.2). Using truncated N-terminal and C-terminal domains of
NAIP1 as baits, we discovered that the N-terminal CC domain of NAIP1 was sufficient for
interaction with itself (Figure 4.2). By contrast, the C-terminal HHD, but not the N-terminal CC
domain of NAIP1, interacted with NAI2 in yeast cells (Figure 4.2). Therefore, the N-terminal CC
domains of the three NAIP proteins mediated their self and mutual interactions, while their Cterminal HHD domain is responsible for their interaction with NAI2.
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Figure 4.2 Interaction of NAIP proteins with NAI2 and self-interactions in yeast cells.
The binding domain fusion (bait) of a gene for a whole NAIP protein or the N-terminal CC domain
(NAIP-NTD) or the C-terminal HHD domain (NAIP-CTD) of a NAIP protein were cotransformed
with the activation domain fusion (prey) of NAI2 or a NAIP gene into yeast cells. Proteins were
isolated from the yeast cells and assayed for β-galactosidase activity using o-nitrophenyl-β-Dgalactopyranose (ONPG) as substrate. Data represent means and standard errors (n=5).

To determine whether NAIP and NAI2 proteins interact in plant cells, we performed BiFC in
Arabidopsis. We fused the three Arabidopsis NAIP proteins to the N-terminal yellow fluorescent
protein (YFP) fragment (NAIP-N-YFP) and NAI2 to the C-terminal YFP fragment (NAI2-C-YFP).
These constructs were transformed into wild type and transgenic plants were crossed to generate
lines co-expressing appropriate BiFC constructs for fluorescence complementation. When fused
NAIP-N-YFP was co-expressed with NAI2-C-YFP in Arabidopsis cotyledons, BiFC signals were
detected in transformed cells (Figure 4.3). While the BiFC fluorescent signals resulting from the
interactions between the NAIP and NAI2 proteins were largely dispersed, we observed a
substantial number of punctate structures of 1-3 um in diameter with all three combinations of the
vectors (Figure 4.3). Control experiments in which NAIP-N-YFP was co-expressed with unfused
C-YFP or unfused N-YFP was co-expressed with NAI2-C-YFP did not show fluorescence (Figure
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4.3).

Figure 4.3 BiFC assays of NAIP-NAI2 interactions in Arabidopsis cotyledons.
BiFC fluorescence was observed in the epidermal cells of the cotyledons in Arabidopsis, from
complementation of the N-terminal half of the YFP fused with NAIP1, NAIP2 or NAIP3 (NAIP1-,
NAIP2- and NAIP3-N-YFP, respectively) with the C-terminal half of the YFP fused with NAI2
(NAI2-C-YFP). No fluorescence was observed when an NAIP-N-YFP was co-expressed with
unfused C-YFP or when unfused N-YFP was co-expressed with NAI2-C-YFP. YFP
epifluorescence, bright-field and emerged images of the same cells are shown. Bar=10µm.
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4.4.2 Expression of NAIP Genes
To determine the expression patterns of the genes encoding the three NAIP proteins, we generated
transgenic Arabidopsis plants harboring the GUS reporter gene under control of the NAIP gene
promoters. The promoter activities of the NAIP genes were determined by GUS activity staining
in the seedlings, rosette levels and inflorescence. In seedlings, NAIP1 was expressed at high levels
in cotyledon, hypocotyl and small rosette leaves but at low levels in the roots (Figure 4.4). NAIP1
was also expressed at high levels in the rosette leaves of mature plants and in inflorescence of
flowering plants (Figure 4.4). On the other hand, NAIP2 expression in seedlings appeared to be
largely restricted to the vascular tissues of shoots but its expression was relatively high in roots
(Figure 4.4). In the rosette leaves of mature plants, NAIP2 expression was low and again mostly
limited to leaf veins (Figure 4.4). Expression of NAIP2 was also detected in the inflorescence of
flowering plants, mostly limited to the main branch (Figure 4.4). The expression patterns of NAIP3
were similar to those of NAIP1, albeit at reduced levels. In seedlings, NAIP3 expression was also
detected in the cotyledons, hypocotyls and small rosette leaves but at very low levels in the roots.
The expression levels of NAIP3 in the cotyledon of seedlings and in the rosette leaves of mature
plants were substantially higher in the vascular veins than the surrounding tissues (Figure 4.4).
The higher expression levels of NAIP3 in the vascular tissues were also apparent in the
inflorescence, including flowers, of flowering plants (Figure 4.4).

Figure 4.4 Promoter-GUS activities.
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Arabidopsis plants were transformed with the GUS reporter gene driven by the NAIP1, NAIP2 or
NAIP3 promoter. GUS staining was performed in seedlings (upper), rosette leaves of mature plants
(middle) and inflorescence of flowering plants (lower). At least five independent transgenic lines
for each construct were used in the assays with very similar results.

4.4.3 Subcellular Localization of NAIP Proteins in Tobacco and Arabidopsis
To investigate the subcellular localization of the NAIP proteins in plant cells, we generated the
GFP fusion constructs and expressed them first in Nicotiana benthamiana. As shown in Figure
4.5A, we observed both dispersed and punctate signals in tobacco cells expressing NAIP1-GFP.
Similar patterns of fluorescent signals with a relatively low number of punctate structures were
observed in tobacco cells expressing NAIP2-GFP (Figure 4.5A). Interestingly, in the tobacco cells
expressing NAIP3-GFP, we observed that the fluorescent signals were mostly punctate with
various sizes from 1 to 5um in diameter (Figure 4.5A). Thus, like NAI2, the NAIP proteins are
also associated with vesicular structures, even though they are soluble proteins without
transmembrane domains. To examine the relationship of the NAIP-containing structures with the
ER, we co-expressed the NAIP-GFP constructs with the BIP-mCherry-KDEL ER marker in N.
benthamiana. As shown in Figure 4.5B, the general patterns of the GFP signals from the coexpression were similar to those from expression of the GFP constructs alone (Figure 4.5A).
Furthermore, a substantial percentage of the punctate GFP signals from these NAIP-GFP
constructs were co-localized with those punctate mCherry signals from the ER marker, supporting
the ER nature of the NAIP-labeled vesicular structures in the tobacco cells.
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Figure 4.5 Transient expression of NAIP1-, NAIP2 and NAIP3–GFP fusion proteins in tobacco
leaves.
A. The genes for the NAIP1-, NAIP2- and NAIP3–GFP fusion proteins were transiently expressed
in N. benthamiana and the GFP signals were analyzed using confocal fluorescence microscopy.
Bar=10 µm B. The genes for the NAIP1-, NAIP2 and NAIP3–GFP fusion proteins were coexpressed with the BIP-mCherry-KDEL ER marker in N. benthamiana and examined with
confocal fluorescence microscopy. Bar=20 µm.

We also co-expressed in Arabidopsis the NAIP-GFP constructs with an mCherry fusion construct
for PYK10, an Arabidopsis β-glucosidase located in the ER bodies and often used as an ER body
marker (Matsushima et al., 2003; Matsushima et al., 2004; Yamada et al., 2008). In the cotyledons
of these transgenic plants, we observed that the punctuate fluorescent structures of PYK10mCherry were mostly co-localized with those from co-expressed NAIP1- and NAIP2-GFP (Figure
4.6). On the other hand, only about 50% of the punctate signals of NAIP3-GFP were co-localized
with those of the co-expressed PYK10-mCherry (Figure 4.6). These results suggest that the three
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NAIP proteins are all components of the ER bodies but some of them such as NAIP3 may also be
components of other types of vesicular structures that are also likely derived from the ER.

Figure 4.6 Co-localization of NAIP proteins with PYK10 in Arabidopsis cotyledons.
Transgenic Arabidopsis plants expressing the genes for the NAIP-GFP fusion proteins were
crossed with those expressing the PYK10-mCherry ER body marker. Confocal fluorescence
microscopy analysis was performed in the cotyledons of the F1 progeny. Bar=10 µm.

4.4.4 Role of NAI2 in the Formation of NAIP-containing Vesicular Structures
To further determine the relationship of the NAIP-containing vesicular structures, the ER bodies
and other ER-derived structures, we introduced the GFP fusion constructs for the three NAIP
proteins into both wild-type (WT) and nai2 mutant plants. In WT, we observed that expression of
NAIP1-GFP resulted in formation of punctate GFP signals in the cells of cotyledons, hypocotyls
and roots but not in the cells of rosette leaves (Figure 4.7). This pattern of tissue-specific formation
of punctate NAIP1-GFP structures is identical to those of the NAI2 and PKY10 ER body markers
(Matsushima et al., 2003; Yamada et al., 2008). Furthermore, in the nai2 mutant, the numbers of
punctate NAIP1-GFP fluorescent structures in the cotyledons, hypocotyls and roots were greatly
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reduced (Figure 4.7). Both the tissue specificity and the NAI2 dependency strongly suggest that
the punctate NAIP1-GFP structures observed in transgenic Arabidopsis plants are the ER bodies.

There were relatively fewer punctate GFP signals in WT transgenic plants expressing NAIP2-GFP
than in those expressing NAIP1-GFP (Figure 4.7), as observed in tobacco plants (Figure 4.5A).
The few punctate GFP signals, however, were observed in the cells of not only the cotyledons,
hypocotyls and roots but also the rosette leaves of both WT and nai2 mutant plants. Also like in
tobacco leaves (Figure 4.5A), expression of NAIP3-GFP generated a large number of punctate
fluorescent structures in the cells of the cotyledons, hypocotyls, roots and rosette leaves in both
WT and nai2 mutant plants. Thus, unlike NAIP1, NAIP2 and NAIP3 are associated not only with
the ER bodies but also with other vesicular structures whose formation is ubiquitous and NAI2
independent.

Figure 4.7 Formation of NAIP1-, NAIP2- and NAIP3-containing vesicles in the nai2 mutant.
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The constructs for the NAIP1-, NAIP2- and NAIP3-GFP fusion proteins were transformed into
both WT and nai2 mutant plants. Confocal fluorescence microscopy analysis was performed in
the cotyledons, hypocotyls and roots of seedlings and the rosette leaves of mature plants. At least
10 independent transgenic lines for each construct and each genotype were used in the assays with
very similar results. Bar=10 µm.

4.4.5 Size Difference among NAIP-containing Vesicular Structures
Besides the tissue specificity and NAI2 dependency, we observed differences in the range of sizes
of these fluorescent vesicular structures containing different NAIP proteins. In cotyledons,
NAIP1-containing vesicular structures have a mean diameter of 0.9512 um and a standard
deviation of 0.2906 um (Figures 4.7 and 4.8). Thus, the diameters of NAIP1-containing structures
are very similar to the ER body’s diameters of about 1 um (Matsushima et al., 2003). The mean
and standard deviation of the diameters of the NAIP2-labeled structures in the cotyledons of WT
plants were very similar to those of NAIP1-labeled structures (Figures 4.7 and 4.8). On the other
hand, the mean of the diameters of NAIP3-containing structures was 1.5259 um, which was
substantially larger than those of NAIP1- and NAIP2-labeled structures (Figures 4.7 and 4.8).
More notably, the variation of the sizes of the NAIP3-containing structures in WT cotyledons as
indicated by a standard deviation of 0.9711 um in their diameters was substantially larger than
those of NAIP1- and NAIP2-containing structures (Figures 4.7 and 4.8). Therefore, NAIP3containing vesicular bodies are highly heterogeneous while NAIP1- and NAIP2-containing
structures are more similar in size. A similar difference in size between NAIP1- and NAIP3containing structures was also observed in hypocotyls and roots (Figure 4.7).
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Figure 4.8 Size distribution of punctate NAIP-GFP signals in the cotyledon cells of transgenic
plants.
Confocal fluorescence microscopy analysis was performed in the cotyledons of transgenic plants
expressing NAIP1-, NAIP2- and NAIP3-GFP fusion proteins. The diameters of 50 punctual
fluorescence signals in representative areas of cotyledon cells were determined and the means and
standard deviations (n=50) are shown for each protein. For those rod-shaped punctual signals, the
widths were used as their diameters.

4.4.6 Role of NAIP Proteins in the ER Body Formation
To determine the role of the three NAIP proteins in the formation of the ER bodies, we isolated TDNA mutants for the three genes (Figure 4.9A). Quantitative RT-PCR indicated that these mutants
accumulated little transcripts for the respective genes and are likely to be knockout mutants (Figure
4.9B). Through genetic crossing, we also generated naip1/naip2 double and naip1/naip2/naip3
triple mutants for the NAIP genes. The naip single, double and triple mutants are indistinguishable
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from WT in morphology, growth and development. To examine the formation of the ER bodies in
the mutants, we introduced both the NAI2-mCherry and PKY10-mCherry constructs into
Arabidopsis WT and naip mutants. As expected, we observed NAI2- and PYK10-labeled ER
bodies in the cells of cotyledons, hypocotyls and roots, but not in the cells of rosette leaves in WT
plants (Figure 4.10). Similar numbers of NAI2- and PYK10-labeled ER bodies were also observed
in all the naip1, naip2 and naip3 single mutants (data not shown) and in the naip1/niap2 double
mutants (Figure 4.11). In the naip1/naip2/naip3 triple mutant, however, the numbers of NAI2- and
PYK10-labeled ER bodies were greatly reduced (Figure 4.10). The extent of reduction of the
PYK10-labeled ER bodies in the naip1/naip2/naip3 triple mutant was similar to that in the nai2
mutant (Figure 4.9B). These results indicated that the three NAIP genes play an important and
redundant role in the formation of the ER bodies in Arabidopsis. By contrast, we found that
formation of NAI2- and PYK10-labeled ER bodies was normal in the ubac2a/ubac2b double
mutant (Figure 4.11).

Figure 4.9 T-DNA insertion mutants for the NAIP genes.
A. Isolation and characterization of naip mutants. The NAIP gene structures and TDNA/transposon insertion of the naip mutants are shown. B. qRT-PCR analysis was performed

131
to determine the levels of the NAIP transcripts in the respective naip mutants. Data represent
means and standard errors (n=5).

Figure 4.10 ER body formation in the naip1/2/3 triple mutant.
A. Formation of the ER bodies in transformed WT and naip1/2/3 triple mutant plants using the
NAI2-mCherry fusion protein as the ER body marker.

B. Formation of the ER bodies in

transformed WT, naip1/2/3 triple mutant and nai2 mutant plants using the PYK10-mCherry fusion
protein as the ER body marker. The constructs for the NAI2-and PYK10-mCherry ER body
markers were transformed into the indicated genotypes. Confocal fluorescence microscopy
analysis was performed in the cotyledons, hypocotyls and roots of seedlings and in the rosette
leaves of mature plants. At least five transgenic lines for each construct and each genotype were
used in the experiments with very similar results.

Bar=10 µm.

Figure 4.11 ER body formation in the naip1/2 and ubac2a/2b double mutants.
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The PYK10 ER-mCherry body marker was transformed into both WT and indicated double
mutants. Confocal fluorescence microscopy analysis was performed in the cotyledons, hypocotyls
and roots of seedlings and in the rosette leaves of mature plants. Bar=10 µm.

4.4.7 Dissection of NAIP Protein Domains in Formation of ER-derived Structures
Even though the three Arabidopsis NAI2-interacting proteins have similar domain architectures
and play a redundant role in the formation of ER bodies, they differ in the ability to associate with
distinct types of ER-derived structures that differ in tissue specificity, NAI2-dependency and size
distribution (Figure 4.7). These differences were observed even when these genes were all
expressed constitutively under the CaMV 35S promoter and, therefore, resulted from their distinct
protein structures. To test this possibility, we generated six chimeric NAIP proteins through
swapping the three domains between NAIP1 and NAIP3. The GFP fusion constructs for the
chimeric NAIP genes under the CaMV 35S promoter were introduced into Arabidopsis and their
punctate GFP signals in the cells of cotyledons and rosette leaves were compared to those of
transgenic NAIP1-GFP and NAIP3-GFP plants. As shown in Figure 4.10A, replacing either the
C-terminal HHD domain or the middle domain of NAIP1 with the corresponding domains of
NAIP3 (i.e., chimeric 1-1-3 and 1-3-1 proteins) still led to formation of punctate GFP signals in
the cotyledons but not in the rosette leaves. By contrast, replacing the N-terminal domain of NAIP1
with the corresponding domain of NAIP3 (i.e., chimeric 3-1-1 protein) led to formation of punctate
GFP signals in the cells of both cotyledon and rosette (Figure 4.12A). On the other hand, replacing
any single domain of NAIP3 with the corresponding domain from NAIP1 (i.e., chimeric 3-3-1, 31-3 and 1-3-3 proteins) did not alter the formation of punctate GFP structures in both cotyledon
and rosette (Figure 4.12). Thus, either replacing the N-terminal CC domain or replacing both the
middle and C-terminal HHD domains of NAIP1 with the corresponding domains of NAIP3 could
lead to formation of NAIP-labeled structures not only in the cotyledons but also in the rosette
leaves.

We also compared the size difference among the ER-derived structures labeled by NAIP1, NAIP3
and their chimeric proteins. In cotyledons, the chimeric proteins containing the N-terminal CC
domain from NAIP1 (i.e., chimeric 1-1-3, 1-3-1 and 1-3-3 proteins) all formed vesicular structures
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similar to those of NAIP1 (i.e., 1-1-1) with relatively small average diameters and small standard
deviations (Figure 4.8B). On the other hand, the three chimeric NAIP proteins containing the Nterminal CC domain from NAIP3 (i.e., chimeric 3-3-1, 3-1-3 and 3-11 proteins) all formed
vesicular structures similar to those to NAIP3 (i.e., 3-3-3) with relatively large values in both the
average diameters and standard deviations (Figure 4.8B). In the rosette leaves, only NAIP3 and
four chimeric NAIP proteins (i.e., chimeric 3-3-1, 3-1-3, 3-1-1, and 1-3-3 proteins) were able to
form vesicular structures (Figure 4.12). Among the four chimeric proteins, three containing the
N-terminal CC domain from NAIP3 (i.e., chimeric 3-3-1, 3-1-3, and 3-1-1 proteins) all formed
punctate structures similar to those to NAIP3 (i.e., the 3-3-3 protein) with relatively large values
in both the average diameters and standard deviations (Figure 4.10C). By contrast, the only
construct containing the N-terminal CC domain from NAIP1 (i.e., 1-3-3) formed punctual signals
with very small and relatively uniform sizes (Figure 4.12C). Thus, in both cotyledons and rosette
leaves, the N-terminal domains of the NAIP proteins play a critical role in determining the size of
the vesicular structures that are formed.
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Figure 4.12 Functional analysis of the three structural domains of the NAIP proteins using domain
swapping between NAIP1 and NAIP3.
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A. Schematic representation of NAIP1, NAIP3 and their six chimeric proteins. Like the original
NAIP1 and NAIP3, each chimeric protein contains an N-terminal CC domain (NTD), a middle
variable domain (Middle) and a C-terminal HHD domain (CTD) and is given a 3-digit name. The
numbers 1 and 3 in a 3-digit name refer to NAIP1 and NAIP3, respectively, as the sources of the
domains in the chimeric protein. NAIP1 and NAIP3 are also denoted by the 3-digit names 1-1-1
and 3-3-3, respectively. B. The GFP fusion genes for NAIP1, NAIP3 and six chimeric proteins
were transformed into Arabidopsis WT plants. Confocal fluorescence microscopy analysis was
performed in the cotyledons of seedlings and the rosette leaves of mature plants. At least five
transgenic lines for each construct were used in the experiments with very similar results. Bar=10
µm. C. Size distribution of punctual fluorescent signals in the cotyledon cells of transgenic plants
expressing the GFP fusion genes for NAIP1, NAIP3 and six chimeric proteins. The means and
standard deviations were calculated from at least 100 punctate signals in representative areas of
cotyledon cells from five independent lines for each construct.

D. Size distribution of punctate

fluorescent signals in the rosette cells of transgenic plants expressing the GFP fusion genes for
NAIP3 and four other chimeric proteins. The means and standard deviations were calculated from
at least 100 punctate signals in representative areas of rosette cells from five independent lines for
each construct.

4.4.8 Role of the Putative Phosphorylation Motifs in NAIP1
The middle domains of the three NAIP proteins are more divergent in protein sequences than the
N- and C-terminal domains but share five SP and TP potential phosphorylation motifs for prolinedirected protein kinases (Figure 4.1). To examine possible phosphorylation, we generated a mutant
NAIP1 protein where the serine or threonine residues in the five potential phosphorylation motifs
were changed to alanine (NAIP1SA) and transformed their myc-tagged constructs into Arabidopsis.
Total proteins were isolated from these plants and fractionated on an SDS/PAGE gel containing
phos-tag for separation of phosphorylated and unphosphorylated proteins. These experiments,
however, detected no phosphorylation of NAIP1 in transgenic plants grown under normal
conditions. We also generated the NAIP1SA-GFP construct, transformed it into Arabidopsis and
compared the transgenic plants with those expressing WT NAIP1-GFP for formation of punctate
GFP fluorescent signals in different plant tissues. As shown in Figure 4.3, mutations of the five
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putative phosphorylation sites in NAIP1 had no effect on the tissue specificity or the size
distribution of the punctate signals formed.

Figure 4.13 Analysis of the putative phosphorylation motifs of NAIP1 in the formation of
NAIP1-containing vesicular structures.
The GFP fusion genes for WT NAIP1 (NAIP1WT) and mutant NAIP1SA proteins were
transformed into Arabidopsis WT plants and examined for formation of NAIP1-containing
vesicular bodies. Confocal fluorescence microscopy analysis was performed in the cotyledons,
hypocotyls, roots and rosette leaves of transgenic plants. Bar=10 µm.

4.4.9 Homologs of NAIPs in Other Organisms
To identify homologs of NAIP genes in other organisms, we searched Genbank’s non-redundant
protein database. Homologs of NAIP genes are not found in the archaea, eubacteria or fungi. No
NAIP genes are identified in the animals neither, except in Chinese rufous horseshoe bat
(Rhinolophus sinicus), whose sequenced genome contains three NAIP homologs (Genbank
accessions: XP_019577945.1, XP_019578097.1 and XP_019578712.1). Interestingly, the three
bat NAIP homologs are more than 90% identical in both amino acid and DNA sequences with the
NAIP1, 2 and 3, respectively, from Arabidopsis and their homologs in the Brassicaceae. These
levels of sequence similarity of the NAIP homologs between the bat and the Brassicaceae species
are even higher than those between different plant families in the Brassicales. No putative NAIP
homologs are found in the genomes of other sequenced bats or mammals. These observations
indicate that the NAIP genes found in the Chinese rufous horseshoe bat may have resulted from
sequencing contamination or recent horizontal gene transfer. Besides the three NAIP genes from
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the bat, we identified more than 20 NAIP genes from non-plant eukaryotic species. All these
species are in the kingdom of protista, most belonging to the phylum of Apicomplexa in the large
clade of parasitic alveolate. These species of protists, all with a single NAIP homolog, include
those

in

the

genera

Besnoitia,

Cystoisospora,

Plasmodium,

Toxoplasma,

Eimeria,

Chrysochromulina, Thecamonas, Theileria, Babesia and Perkinsus. Amino acid sequence analysis
revealed that the NAIP proteins from protists all contain the conserved N-terminal CC and Cterminal HHD domains with a variable central domain (Figure 4.14). Therefore, the domain
architecture of the protist NAIP homologs is identical to those of Arabidopsis NAIP proteins.
However, the middle domains of these protist NAIP proteins contain no or few SP or TP
phosphorylation motifs (Figure 4.14).

Figure 4.14 Amino acid sequence alignment of Arabidopsis NAIP proteins and the NAIP
homologs from protists: P. retictum (PRELSG0711900), C. suis (CSUI001639), E. necatrix
(ENH00046820). Identical residues are indicated in red. The putative phosphorylation motifs are
indicated with black background.
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In the lineage of plants, we identified a single NAIP homolog in Chlamydomonas reinhardtii, a
unicellular green alga with its evolutionary position located before the divergence of land plants
(Manhart, 1994; An et al., 1999). Other sequenced chlorophytes including Dunaliella salina,
Volvox carteri, Coccomyxa subellipsodea, and Micromonas pusilla also contain a single NAIP
homolog in their sequenced genomes. Interestingly, there are eight NAIP homologs in the moss
Physcomitrella patens, an early diverged land plant. However, two other embryophytes, the moss
species Sphagnum fallax and liverwort Marchantia polymorpha each contain only four NAIP
homologs. There are three NAIP homologs in the fern Selaginella moellendorffii, an ancient
vascular plant (Banks et al., 2011). In angiosperms, rice contains four NAIP homologs, whereas
both tomato and Medicago contain three NAIP homologs as Arabidopsis. In gymnosperms,
genomes from Picea abies, P. glauca and Pinus taeda have been sequenced but not well annotated
(Birol et al., 2013; Nystedt et al., 2013; Neale et al., 2014; Zimin et al., 2014). Preliminary search
discovered that these sequenced genomes each have 3 to 4 NAIP homologs. Thus, NAIP proteins
have originated in early eukaryotes and are present in all branches of land plants as a small family
with 3 to 4 members. We compared the amino acid sequences of these NAIP proteins from plant
species using multi-sequence alignment and confirmed that the C-terminal HHD domains are the
most conserved regions among these putative NAIP homologs. Substantial conservation was also
observed among the N-terminal CC domains of the NAIP homologs but their middle domains are
more divergent (Figure 4.14).

To examine the evolutionary relationship among the NAIP proteins, we generated a maximum
likelihood phylogenetic tree with 27 NAIP protein sequences from C. reinhardtii, P. patens, S.
moellendorffii, Arabidopsis, tomato, Medicago and rice. As shown in Figure 4.11, we observed
only 6 branches with bootstrap values larger than 90%. A majority of the branches, particularly
the deep ones had low confidence values, likely due to the divergent sequences of the protein
family. As a result, even though most of these species, particularly the land plants, have a similar
number of NAIP proteins, they cannot be grouped with confidence into distinct subfamilies with
members from all these plants examined (Figure 4.15). A clear evolutionary relationship among
the putative NAIP homologs from low eukaryotes to angiosperm plants was not apparent neither.
On the other hand, it is apparent from the phylogenetic tress that Arabidopsis NAIP2 and NAIP3
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are structurally more closely related to each than to NAIP1 (Figure 4.15), consistent with their
functional relationship in the association with different types of ER-derived compartments.

Figure 4.15 The phylogenetic relationship of NAIP homologs from plants and protists.
The tree was inferred using the neighbor-joining method. Phylogenetic analyses were conducted
in MEGA5. Bootstrap values from 1,000 replicates were used to assess the robustness of the tree.
NAIP homologs in the phylogenetic analysis include those from P. retictum (PRELSG0711900),
C. suis (CSUI001639), E. necatrix (ENH00046820), C. reinhardtii (Cre02.g097300), P. patens
(Pp3c16_18350V3, Pp3c5_17850V3, Pp3c25_7100V3, Pp3c6_16250V3, Pp3c1_28730V3,
Pp3c2_9980V3, Pp3c14_14570V3), S. moellendorffii (SELMODRAFT234336, SELMODRAFT
228243, SELMODRAFT174630, SELMODRAFT232963), Arabidopsis thaliana (At4g15545,
At1g16520 and At1g56080), tomato (Solyc01g080510, Solyc10g005580, Solyc07g066520),
Medicago (Medtr4g118510, Medtr2g020820, Medtr0260s0030) and rice (Os05g33620,
Os03g45760, Os04g52570 and Os01g56235).
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Figure 4.16 Amino acid sequence alignment of NAIP homologs from the plant lineage: C.
reinhardtii (Cre02.g097300), P. patens (Pp3c16_18350V3, Pp3c5_17850V3, Pp3c25_7100V3,
Pp3c6_16250V3, Pp3c1_28730V3, Pp3c2_9980V3, Pp3c14_14570V3), S. moellendorffii
(SELMODRAFT234336,

SELMODRAFT

228243,

SELMODRAFT174630,

SELMODRAFT232963), Arabidopsis thaliana (At4g15545, At1g16520 and At1g56080), tomato
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(Solyc01g080510, Solyc10g005580, Solyc07g066520), Medicago truncatula (Medtr4g118510,
Medtr2g020820, Medtr0260s0030) and rice (Os05g33620, Os03g45760, Os04g52570 and
Os01g56235). Identical residues are indicated in red. The putative phosphorylation motifs are
indicated with black background.
Figure 4.16 continued
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Figure 4.17 The phylogenetic relationship of NAIP homologs from plants.
The tree was inferred using the neighbor-joining method. Phylogenetic analyses were conducted
in MEGA5. Bootstrap values from 1,000 replicates were used to assess the robustness of the tree.

4.5

Discussion

Plants are remarkable in their ability to form a range of ER-derived vesicles containing proteins
and other molecules that can stably accumulate or transport proteins and other cargo from the ER
directly to the vacuole, bypassing the Golgi- and post-Golgi compartments of the secretory
pathway (Hara-Nishimura et al., 2004). Some of these ER-derived compartments function in
transporting vacuolar storage proteins and lipids from the ER to the storage vacuole in plant seeds
and other storage tissues. Other ER-derived vesicles are responsible for transport of proteins and
membranes from the ER to the vacuole for the biogenesis of the plant lytic compartment
independent of Golgi and post-Golgi trafficking. The ER bodies found only in the Brassicales
order contain an abundant level of PYK19 myrosinase proteins, which hydrolyze indole
glucosinolates to chemically reactive products toxic to pathogens and herbivores (Nakano et al.,
2017). Over the past decade, important progress has been made in the discovery of components,
function and regulation of the ER bodies (Nakano et al., 2014), but our understanding about the
biogenesis, regulation and evolution of the ER-derived compartments is still very limited.
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Among those components identified from the studies of the ER body, NAI1, NAI2 and PYK10
play roles in the formation of the ER-derived compartment based on their mutant phenotypes
(Nakano et al., 2014). As a transcription factor, NAI1 is important for ER body formation by
regulating expression of important genes including PKY10 and NAI2 associated with the ER
bodies (Matsushima et al., 2004). PYK10 is the major cargo of the ER body but also affects the
formation of the ER body based on altered shape of the ER bodies in its mutant (Nagano et al.,
2009). NAI2, on the other hand, is an essential ER body component and is present only in the
Brassicales order just like the ER body (Yamada et al., 2008), making it a uniquely important
factor for understanding the biogenesis and evolution of the ER body. Using yeast two-hybrid
screens, we have identified a small NAIP protein family whose three members all interact strongly
with NAI2 (Figure 4.2). Like NAI2, the three NAIP proteins are soluble proteins without any
transmembrane domain but are all associated with the ER bodies based on their co-localization
with the PKY10 ER body marker in the cotyledons of Arabidopsis plants (Figure 4.6). Furthermore,
formation of the ER bodies was greatly reduced in the naip1/2/3 triple mutants, as in the nai2
mutants (Figure 4.9). These results indicate that the three NAIP proteins functions together with
NAI2 as critical ER body components with an important role in the formation of the ER-derived
compartments. However, NAIP proteins differ from NAI2 in two important ways. First, while
NAI2 is found only in the Brassicales (Yamada et al., 2008), putative homologs of the NAIP
proteins are identified not only in photosynthetic organisms but also in some protists (Figure 4.14;
Figure 4.15). Second, while NAI2 is associated only with the ER bodies normally present
abundantly in the cotyledons, hypocotyls and roots but not in rosette leaves, two members of the
NAIP protein family, NAIP2 and NAIP3, are present both in the ER bodies and in other types of
vesicular structures present not only in the cotyledons, hypocotyls and roots but also in the rosette
leaves (Figure 4.7). These NAIP2- and NAIP3-containing vesicular structures are also likely to be
derived from the ER based on their partial colocalization with an ER marker (Figure 4.5B). Based
on these findings, we propose that the NAI2-containing ER bodies in the Brassicales may have
evolved from NAIP-containing ER-derived structures widely present not only in plants but also in
protists.
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The proposed evolution of the NAI2-containing ER bodies from NAIP-containing ER-derived
structures is consistent with the functional diversification of the NAIP protein family in
Arabidopsis. Confocal fluorescence microscopy analysis of GFP fusion proteins revealed that
NAIP1-containing vesicles, just like the PYK10- and NAI2-containing ER bodies, are found
abundantly only in the cotyledons, hypocotyls and roots but not in the rosette leaves of mature
plants (Figure 4.7). In addition, formation of the NAIP-containing ER-derived structures is
dependent on NAI2 (Figure 4.7). NAIP2 and NAIP3 also form the ER bodies based on their
colocalization with PYK10 in the cotyledon cells (Figure 4.6) and play an important redundant
role with NAIP1 in ER body formation (Figure 4.9). However, NAIP2- and NAIP3-containing
structures are found not only in the cotyledons, hypocotyls and roots but also in the rosette leaves
of mature plants (Figure 4.7). Furthermore, NAIP2- and NAIP3-containing structures in these
tissues are still observed in the nai2 mutant plants (Figure 4.9). Thus, while NAIP1 has evolved to
function specifically for ER body formation, NAIP2 and NAIP3 are less specialized and can
function as components of not only the ER bodies but also other ER-derived structures that can be
formed in a wider range of plant tissues. The functional diversification of the NAIP proteins
support the idea that NAIP-containing vesicular structures, which are likely present widely in
photosynthetic eukaryotes and some protists, have evolved into different subtypes including the
ER bodies in plants in the Brassicales order.

Besides their tissue specificity and NAI2 dependency, the NAIP1-labeled ER bodies and NAIP3labeled ER compartments differ in additional characteristics. For example, the NAIP1-labeled ER
bodies are closely connected with and continuous to the ER (Figure 4.1). The mechanism for the
maintenance of such a continuous network between the ER bodies and the ER is unknown but
could result from the budding of the ER bodies, on the one hand, and the retrograde incorporation
of the ER bodies back into the ER. On the other hand, a majority of NAIP3-labeled vesicles appear
to be well separated from the ER (Figure 4.7). In addition, NAIP1-labeled ER bodies have similar
sizes around 1 um in diameter (Figure 4.8). NAPI3-labeled structures, however, are heterogeneous
in sizes with their diameters ranging from 0.5 to 5um (Figure 4.8). One possible reason for the
wide size range of NAIP3-containing structures is the presence of distinct types of ER-derived
structures with different cargo molecules. To determine the structural basis for the distinct
characteristics of these ER-derived compartments, we performed domain swapping and generated
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chimeric NAIP proteins from NAIP1 and NAIP3. By expressing their GFP fusion genes in the
transgenic plants, we compared the ability to form punctate signals in the cotyledons and rosette
leaves in the transgenic plants, from which a critical role of the N-terminal CC domain in the
functional differentiation between NAIP1 and NAIP3 started to emerge. First, as with the ER
bodies, NAIP1-containing compartments are formed abundantly only in the cotyledon but not in
the rosette leaves under normal conditions (Figure 4.12). Replacing the middle domain and the Cterminal HHD domain of NAIP1 with the corresponding domains of NAIP3 did not change the
tissue specificity of the ER-derived compartments (Figure 4.12). However, replacing the Nterminal domain of NAIP1 with the corresponding domain of NAIP3 led to formation of punctual
signals not only in the cotyledons but also in the rosette leaves (Figure 4.12). Second, in both the
cotyledons and rosette leaves, those chimeric NAIP proteins containing the NAIP1 N-terminal
domain formed punctual signals with sizes similar to those of NAIP1 (Figure 4.12). On the other
hand, those chimeric NAIP proteins containing the NAIP3 N-terminal domain form punctual
signals with a wide range of sizes as found with the NAIP3-containing structures (Figure 4.12).
Thus, the N-terminal domains of the NAIP proteins play a major role in determining the tissue
specificity and the physical size and shape of the ER-derived structures. The N-terminal CC
domains of these NAIP proteins are involved in self and mutual interactions (Figure 4.2) and it is
unclear how these interacting domains share the same or similar specificity of protein interactions
but have differential ability to regulate the tissue specificity and physical size of the ER-derived
structures. One possibility could be that these N-terminal CC domains, beside their self and mutual
interactions, also interact with other proteins with different specificities. In addition, NAIP1
contains a highly acidic motif (EIEEEEEE) at its N-terminus, which is absent in NAIP2 and NAIP3.
A similar highly acidic motif is also present in the NAIP1 homologs from the Brassicales species.
NAIP homologs from plants outside of the Brassicales order generally do not contain such a highly
acidic motif at the N-terminus (Figure 4.16). However, among the four rice NAIP homologs, one
contains such a highly acidic motif at its N-terminus (Figure 4.16). Further structural dissection
will be necessary to determine whether the addition of the acidic motif is a critical structural
determinant for the functional diversification of NAIP proteins for association with special ERderived structures.
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Recent studies have strongly suggested that the ER bodies have co-evolved with the indole
glucosinolate metabolism as a mechanism of plant defense against pathogens and herbivores (T.
et al., 2017). The findings that there are ER-derived structures similar to the NAIP2- and NAIP3containing structures likely present in all plants raise the question about their biological functions.
ER-derived compartments in plants often contain storage proteins and lipid molecules for transport
to storage vacuoles in seeds and other storage tissues. As expression of NAIP genes is mostly in
non-storage tissues, they are unlikely to be associated with storage protein or lipid bodies. The
naip1/2/3 triple mutant plants are indistinguishable from WT plants in growth and development,
suggesting that NAIP proteins probably play roles in plant responses to environmental conditions.
Given the involvement of NAIP1-labeled ER bodies in indole glucosinolate metabolism, NAIP2and NAIP3-labeled compartments could contain enzymes in the biosynthesis and metabolism of
other metabolites during plant responses to environmental stimuli. Interestingly, even though the
NAIP proteins are found in all plants, their amino acid sequences had relatively low homology
among different plants (Figure 4.15; Figure 4.16), which may lead to the formation of different
ER-derived compartments with diverse cargo. In Arabidopsis, the size of NAIP3-labeled ER
structures is highly heterogeneous, suggesting that the same protein may be associated with
different types of ER-derived structures that accumulate or transport several types of cargo
molecules with distinct biological functions. To address these possibilities and establish the
biological functions of these ER-derived compartments, it will be necessary to isolate these
vesicles, identify the cargo, determine their biochemical and molecular activities and established
the associated biological processes. With the identification and characterization of these NAIP
proteins, it is now possible to develop experimental approaches to address these important
questions.
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GENERAL CONCLUSIONS

This dissertation summarizes my work in investigating the function of ER-localized proteins in
Arabidopsis. These studies revealed that these proteins function in a lot of processes under
different conditions.

First, the studies in this dissertation have increased our understanding of selective autophagy
function by identifying selective autophagy receptors involved in plant heat tolerance and disease
resistance. Previously, plant autophagy has been reported to play important roles in both biotic and
abiotic stresses(Bassham, 2007; Hofius et al., 2017). However, in terms of the receptors of
selective autophagy, several reports indicate the roles in abiotic stresses such as heat, salt, oxidative
stress, ABA mediated seedling germination(Zhou et al., 2013). No reports show that the receptor
of selective autophagy is involved in biotic stresses. In this study, we identified new plant selective
autophagy receptors ATI3 and UBAC2 which are involved not only in plant heat tolerance but
more importantly in Botrytis resistance which is a biotic stress. Furthermore, both ATI3 and
UBAC2 play important roles in ER stress under which condition they can be delivered into the
vacuole. Thus, these studies suggest that autophagy plays a role in degrading certain ER
components under stress conditions. Future research maybe focuses on what the specific ER
components are, furthermore, more selective autophagy receptors need to be identified to
understand the regulation of the autophagy pathway during plant stress responses.

Second, the studies in this dissertation have increased our understanding of the ER role in PAMPtriggered immunity. Previous studies have shown that proteins destined for the vacuole, the plasma
membrane or apoplast in plants are mainly synthesized on the ER(Gu et al., 2017). ER quality
control system plays a significant role in the supervising and conducting of the secreted proteins.
Important PM-resident proteins involved in adaptation to the different stresses can be processed
by the plant’s ER-QC (Saijo, 2010). In this study, we find that the ER localized proteins UBAC2
and PICC interact and both of them play important roles in PTI. The compromised formed callose
deposition in response to hrcC and the elicitors is responsible for the defective PTI. More
importantly, PMR4 which is responsible for the callose deposition in response to stresses can
complement the ubac2 and picc mutants in terms of the callose deposition and PTI. The interacting
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ER proteins UBAC2 and PICC proteins positively regulate the accumulation of the PMR4 callose
synthase responsible for pathogen-induced callose deposition during plant immune responses.
Further analysis maybe focuses on the synthesis, assembly, trafficking and activation of PMR4,
which could provide the new information about the molecular basis of the plant immune system.

Finally, the studies in this dissertation have increased our understanding of the formation of ER
body and characterize new ER-derived compartments. Unlike animals, plants can develop a lot of
ER-derived compartments which participate in a lot of processes including coping with different
stresses. ER body is one kind of such compartments which belongs to the hydrolytic enzyme
type(Matsushima et al., 2003). In this study, we identified three novel proteins which interact with
the ER body core protein NAI2. The ER body formation depends on all the three proteins. NAIP1
is a specialized ER body component whereas NAIP2 and NAIP3 are also components of other ERderived structures. Further analysis maybe focuses on what the cargos of these ER-derived
compartments are and what the biological functions are.

In summary, this study has improved our knowledge about ER localized proteins involved in
autophagy, PAMP-trigged immunity and ER-derived compartments; furthermore, it has also
opened up a new set of questions and challenges for the next years.
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